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REAL PARTY IN INTEREST TECH CFMT 

The real party in interest is Sunol Molecular Corporation of Miramar, Florida. An 
assignment from the inventors to Dade International was recorded on August 18, 1997 at Reel/ 
Frame 8681/0081. An assignment from Dade International to Sunol Molecular Corporation is 
being filed on today's date under separate cover. 



RELATED APPEALS AND INTERFERENCES 

There are no related appeals or interferences known to Appellants or Appellants' 
representatives that will directly affect or be directly affected by or have a bearing on the Board's 
decision in the pending Appeal. 



STATUS OF THE CLAIMS 

Claims 1, 2, 4, 7, 8, 14, 67, 69, 71 and 72 stand finally rejected under 35 U.S.C. §103 and 
are pending on appeal. Claims 5, 6, 10-12, 16-20, 61, 65, 70, 73 and 74 have been cancelled. 
Claims 3, 9, 13, 15, 21-60, 62-64, 66 and 68 were withdrawn from consideration by the 
Examiner. 



STATUS OF THE AMENDMENTS 

Claims 1, 2, 4, 7, 8, 14, 67, 69, 71 and 72 on appeal are set forth in Exhibit A hereto. 
There has been no further amendment to the claims. 



SUMMARY OF THE CLAIMED INVENTION 

The claimed invention features a soluble fusion protein engineered to include a 
bacteriophage coat protein fused to a single-chain T cell receptor ("scTCR"). The single-chain T 
cell receptor was itself designed to include an alpha- variable region ("V-a") fused to a beta- 
variable region ("V-j}"). The single-chain T cell receptor igrms a pocket that binds antigen when 
the antigen. The claimed soluble fusion protein further includes a beta-constant region ("C-p") 
region that can be fused to V-p, for example. 
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T cells help defend the body against infection. The cells have membrane bound receptors 
that bind foreign antigen with the assistance of a protein complex called "MHC". A key receptor 
is called the T cell receptor ("TCR"). The chemical structure and function of the TCR has been 
extensively studied. For instance, it is known that formation of a TCR-antigen-MHC complex is 
an important step toward fighting infection. 

Appellants discovered that by adding a bacteriophage coat protein to the scTCR, it is 
possible to produce a fully soluble and functional scTCR. Unlike prior scTCRs, the claimed 
fusion proteins were found to be fully soluble, functional, and obtainable in significant quantities 
without difficulty. The claimed fusion proteins have a wide spectrum of important uses as 
described throughout the instant patent application. 

See the Summary Of The Invention at pg. 3, line 22 to pg. 11, line 21. See also the 
Background at pg. 1, line 12 to pg. 3, line 19 for related information. None of the art of record in 
this case shows an attempt to make a scTCR that includes a fused bacteriophage coat protein. 

ISSUE 

This appeal presents the issue of whether the Examiner erred in rejecting claims 1, 2, 4, 7, 
8, 14, 67, 69, 71 and 72 under 35 U.S.C. § 103 in view of Chung, S. et al. (1994) Proc. Natl 
Acad. Set (USA) 91: 12654 in view of U.S Pat. No. 5,759,817 to Barbas, Onda, T et al. (1996) 
Mol Immunol 32: 1387; and Huse et al. (1992) J. Immunol 149: 3914. Appellants will refer to 
these citations as "Chung", "Barbas", "Onda" and "Huse", respectively; unless stated otherwise. 
There are no other pending rejections of record in this case. 

GROUPING OF THE CLAIMS 

All of claims 1, 2, 4, 7, 8, 14, 67, 69, 71 and 72 stand or fall together for the purpose of 
the present appeal. 

CASE HISTORY 
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In consideration of the Examinees position in this case, Appellants have summarized the 
prosecution history with respect to the 35 U.S.C. §103 rejection at issue. A more detailed 
discussion of Appellants' rebuttal to those arguments will follow under Argument , 

A. A patent application was filed on March 7, 1997 with 59 claims and assigned 
Serial No.: 08/813,781 by the USPTO. 

B. An Office Action was mailed to Appellants on August 25, 2000 by Examiner 
Schwadron. The Examiner stated the following with respect to the §103 rejection on appeal: 

Claims 1, 2, 4, 7, 8, 14, 67, 69, 71, 72 are rejected under 35 U.S.C. 103(a) 
as unpatentable over Chung et al. in view of Barbas US 5,759,817 (filed Jan. 27, 
1992), Onda et al. (Molecular Immunology 32:1387, 1995), and Huse et al. J. 
Immunology 149:3914. 1992 

Chung et al. teaches a single chain T cell receptor which specifically binds 
to peptide ligand (see abstract). Chung et al. further teaches one embodiment of 
human single chain TCR in which C-terminus of V a domain is linked to N- 
terminus of V p chain via a 15 amino acid residue flexible amino acid liner and 
the C-terminus of the V p chain is linked to the beta chain constant domain (see 
Figure 1). In one embodiment the C terminus of V P chain is linked to a alkaline 
phosphatase (PI) protein tag (see page 12655). Chung et also teach that the 
purpose of the linker is to enhance the binding characteristics of the soluble T cell 
receptor and that linkers of about 10 to 30 amino acid residues would be 
considered to be sufficient. Chung et al. teach that the TCR fusion protein can 
bind antigenic protein, thus teaching that the TCR fusion protein comprises an 
antigen binding pocket. Chung et al. teaches a TCR fusion protein comprising V- 
a-peptide linker-V p-C p linked to GPI anchor and expression of such a fusion 
protein in a transfected eukaryotic cell (see results section). Chung et al. disclose 
that the soluble form of TCR protein could be readily obtained by enzymatic 
cleavage with phosphatidylinostol-specific phospholipase C (PI-PLC) (see page 
12656). Chung et al. teaches expression of said TCR fusion protein in a bacterial 
cell system in which the N terminus of the Cp region is linked to a histidine 
protein tag. Chung et al. also disclose a scTCR in which comprises V-a-peptide 
linker-V p-C p GPI in which the Cp component consists of the p chain sequence 
ending right before the last cysteine (the sixth cysteine) (see page 12655). Chung 
et al. further teach that TCR fusion proteins which do not contain the CB do not 
fold into the native conformation. The scTCR disclosed by Chung et al. meet the 
length limitations of the Va. and Vp region recited in claims 69 and 71. Chung et 
al. teach a soluble fusion protein comprising a Vct-peptide linker-VP-CP 
fragment-protein tag (eg. GPI). Chung et al. does not teach a TCR fusion 
protein further comprising bacteriophage VIII coat protein. 



However, Barbas discloses a soluble fusion protein comprising a 
bacteriophage coat protein fragment covalently linked to a single-chain 
heterodimeric receptor (see abstract and column 15, lines 27-28, in particular). 
Barbas also discloses that the fusion protein may comprise domains of 
heterodimeric proteins derived from several ligand binding proteins, including 
immunoglobulins and T cell receptors (see column 17, lines 62-66 and column 19, 
lines, 9-28. Barbas discloses that T cell receptor comprises alpha and beta chains 
each having a variable(V) and constant(C) region and T cell receptor has 
similarities in genetic organization and function to immunoglobulins (see column 
19, lines 19-22, in particular). Barbas also teaches that bacteriophage coat protein 
may be derived from cpIII or cpVIII (see column 31, lines 10-28, in particular). 
Barbas discloses that expression vectors expressing soluble fusion proteins in 
which the ligand binding region is fused to bacteria coat protein allows the 
expression of the multiple fusion proteins on the surface of phage particles IE 
approximately 2700 cpVIII heterodimer receptor molecules per phage particle 
(see column 39 line 64 through column 40, line 7, in particular). Barbas further 
discloses that a short length of amino acid sequence at the amino end of a protein 
(IE a protein tag) directs the protein to periplasmic space (see column 8, lines 49- 
55, in particular. One embodiment of the invention is disclosed to be a fusion 
protein comprising in sequence a leader sequence-peptide linker-V region amino 
acid residue-peptide linker-phage coat protein and that in one embodiment, the 
second linker can define a proteolytic cleavage site which allows the 
heterodimeric receptor to be cleaved from the bacteriophage coat protein to which 
it is attached (see column 14, lines 60-65). Thus Barbas discloses but does not 
exemplify a soluble fusion protein comprising a bacteriophage coat protein 
covalently linked to T cell receptor domains. 

Onda et al. disclose a soluble fusion protein comprising a bacteriophage 
coat protein covalently linked to a single-chain T cell receptor by a peptide linker 
sequence wherein the single TCR chain is the alpha chain and the bacteriophage 
coat protein is cpVIII (see abstract and Figure 1, in particular). Onda et al. also 
teach that TCR-bacteriophage coat protein fusion protein can be used to study 
specific binding interactions of the TCR chain to antigenic ligands (see paragraph 
bridging pages 1394-1395, in particular). 

Huse et al. teach that fusion proteins comprising a single chain fusion 
protein comprising Fab fragment of immunoglobulin (which comprises the 
antigen binding pocket of the immunoglobulin molecule) and bacteriophage VIII 
coat protein can be produced and display the fusion protein when expressed in a 
M13 derived vector. Huse et al. further teach that bacteriophage VIII coat protein 



Examiner Schwadron withdrew this statement in the next Office Action dated June 17, 2002 (see below). The 
statement was originally made by a prior Examiner (Lubet) in a related §103 rejection that has been withdrawn. In 
that earlier rejection, Lubet argued that Barbas and Onda do not teach a soluble fusion protein in which a single- 
chain TCR linked to a bacteriophage coat protein. See the Office Action dated June 23, 1998 at pg. 8, part B. In the 
§103 rejection on appeal, Examiner Schwadron argued that Barbas and Onda teach use of TCR -bacteriophage VIII 
fusion protein. That molecule, a heterodimeric T cell receptor fusion protein, is not the claimed invention. 
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fusion protein can recovered from culture medium or from the periplasmic space 
(see abstract). 

Therefore it would have been prima facie obvious to one with ordinary 
skill in the art at the time the invention was made to make a soluble TCR fusion 
protein comprising the Vol. -peptide linker-VP -Cb fragment-protein taught by 
Chung et al. linked to a bacteriophage VIII coat protein because Barbas et al. 
and Onda et al. teach TCR-bacteriophage VIII coat fusion proteins can be 
used to study antigen binding properties of such a fusion protein and Huse et 
al. teach that fusion proteins comprising bacteriophage VIII coat protein can be 
produced in bacteria and recovered in relatively large quantities. 

One with skill in the art would be motivated to make such a fusion protein 
to study the antigen binding region of the TCR component or to use the protein to 
elicit anti-idiotypic antibodies. One with skill in the art would be motivated to 
make such a fusion protein in which the Va and Vp region was derived from 
human TCR in order to study human TCR properties or to elicit anti-idiotypic 
antibodies to the TCR component of the protein. 

The preceding grounds of rejection have been maintained since the August 25, 2000 
Office Action despite Appellants 1 rebuttal argument and claim amendments discussed below. 

C. On October 25, 2000, Appellants 1 representative met with Examiner Schwadron at 
the USPTO and discussed the art cited. No agreement was reached. 

D. Appellants submitted a response to the rejection set forth in paragraph B, above, on 
February 22, 2001 . In that response, Appellants rebutted the prima facie obviousness argument 
by pointing out: 1) that the cited references did not teach or suggest that the membrane "anchor" 
of Chung's single-chain TCR (GPI: a membrane protein) could be substituted with the 
bacteriophage coat protein of Barbas 1 TCR; 2) that there was no reasonable expectation that the 
substitution (switching Chung's anchor for Barbas 1 phage coat protein) could be achieved in view 
of substantial differences between scTCRs and TCRs; and 3) that the Examiner's citation of 
Onda was not correct ie., it does not disclose TCR-bacteriophage coat protein fusions, but 
instead, dwelt on smaller constructs having only a V-a chain (but no V~P chain). Onda 
characterized his constructs as having "unusual" binding properties that were not characteristic of 
TCRs. A subset of such constructs were reported by Onda not to work at all. 
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Appellants also discussed the Holler reference: a peer-reviewed scientific article from 
the U.S. Academy of Sciences (PNAS (USA) (2000) 97: 5387 at 5389). Holler provided 
independent and objective evidence of the long-felt need and failure of others in the field to 
make and use the claimed fusion molecules. Specifically, Holler stated that phage display had 
not yet proven successful in the engineering of scTCRs. 

E* In response to the Appellants' arguments in paragraph D above, the Examiner 
issued a Final Office Action dated June 17, 2002. 3 The Examiner maintained the prima facie 
rejection and stated: 

Regarding appellants comments, while heterodimeric molecules are a 
preferred embodiment disclosed in Barbas et al., Barbas et al. disclose: 
"In another embodiment, the present invention contemplates a polypeptide 
comprising an insert domain flanked by an amini-terminal secretion signal 
domain and a carboxy-terminal filamentous phage coat protein membrane anchor 
domain." (column 14, first complete paragraph). 

Barbas et al. further disclose than said construct could include a "receptor 
protein" (column 14, second paragraph), indicating that the disclosed method 
could be used for receptors per se (eg. single chain or heterodimeric or single 
chain heteromers). Single chain T cell receptors were known in the art (see Chung 
et al.). 

Regarding appellants comments about the single chain TCR taught by 
Chung et al., 

Chung et al. teach that the GPI anchor is cleaved and the soluble TCR still 
has all the antigen binding properties of the TCR (see pages 12656-12658). Thus, 
the GPI anchor is not required for the soluble TCR to function, it is just used in 
one particular method of making the soluble TCR. Regarding motivation to create 
the claimed invention, Chung et al. discloses that it would be desirable to ' 
produce their TCR in a phage display system (see page 12658, first column). 
In addition, Barbas et al. teach the advantages of their system for the production 



By "phage display" is meant the process of making a recombinant bacteriophage expressing the scTCR as part of 
the phage protein coat. After infecting bacteria with a recombinant phage engineered to produce the scTCR, the 
protein would be "displayed" on the bacterial cell surface as bacteriophage. The scTCR "displayed" in this manner 
would be amendable to engineering. 

3 The Examiner essentially repeated his rejection of the claims as set forth in the August 25, 2000 rejection. But see 
footnote 1. With respect to Examiner Schwadron's discussion about Holler, Appellants submitted Weidanz et al. as 
part of a Rule 132 Declaration to address an obviousness rejection that has since been withdrawn. The reference 
provided evidence that a particular scTCR-bacteriophage coat protein vector (pKC44) was capable of forming an 
antigen binding site when expressed. The reference is not prior art to the present application. 
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of peptides. Regarding reasonable expectation of success, both Barbas et al. and 
Chung et al. disclose use of phage display systems to produce single chain 
antibodies (see column 2, third paragraph from bottom and page 12658, first 
column). In addition, the soluble single chain TCR molecules functions with or 
without the GPI linker indicating that the construct itself is functional. 

Regarding appellants comments about Holler et al., said publication was 
published in May 2000. In the amendment filed 6/3/2000, applicant submitted a 
publication by Weidanz et al. (J. Imm. Methods 1998) which discloses the 
claimed invention. Thus, it appears that Holler et al. simply are not familiar 
with the prior art. Thus, the comments of Holler et al. carry no weight 
because two years prior to the Holler et al. publication, Weidanz et al. had 
already published data regarding the production of single chain TCR using 
bacteriophage. Furthermore, Holler et al. discloses a yeast system for producing 
a single chain TCR and it appears that the main focus of Holler et al. is to promote 
their system. 

Regarding appellants comments about Onda et al., the instant rejection 
indicates that "Onda et al. disclose a soluble fusion protein comprising a 
bacteriophage coat protein covalently linked to a single-chain T cell receptor 

by a peptide linker sequence wherein the single TCR chain is the alpha chain and 
the bacteriophage coat protein is cpVIII (see abstract and Figure 1, in particular)". 
The art recognizes that the alpha and beta chains of the TCR generally both are 
involved in antigen binding. The art also recognizes that soluble TCR which bind 
antigen would have a variety of uses. 

F. Appellants filed a Notice of Appeal on October 17, 2002. 

ARGUMENTS 

As an initial mater, Appellants wish to emphasize the substantial differences between 
TCR heterodimers ("TCRs") and single-claim T cell receptors ("sc-TCRs"). 

The TCR is a heterodimer with one a chain and one p chain. 4 See Exhibit A (i). Each of 
these chains passes from the exterior of the T cell, through the cell membrane, and into the cell 
interior (cytosol). The a and p chains each include a variable (V-a, V-p) region that cooperate to 
form an antigen binding pocket. The regions are "variable" because its chemical structure can be 



4 A textbook in the field describes the TCR as "a heterodimer composed of an a and a p polypeptide chain, both of 
which are glycosylated." See Alberts, B et al. ( 1 989) in Molecular Biology of the Cell, 2 nd Ed. Garland Publishing, 
Inc. New York at pg. 1037. By convention, a "heterodimer" such as the TCR properly has two chains (dimer) both 
of which are different (hetero) from the other. 
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changed to make a pocket that fits another antigen. Each of the V-a and V-P regions are 
associated with a constant (C) region. 

TCR heterodimers have been extremely difficult to isolate from T cells. This problem 
has hindered study of the receptor. One approach to address the problem has been to make 
single-chain T cell receptors ("scTCRs"). These synthetic receptors include, on one chain 
instead of two, a fused V-a and V-P region. See Exhibit A (ii). It has been customary to space 
the V-a and V-p regions from each other with a flexible linker to allow the regions to make an 
antigen binding pocket. Unfortunately, many scTCRs have still proven to be difficult to make 
and use. 

Appellants point out that "TCR" is understood in the field to mean a heterodimeric T 
cell receptor. The TCR is a membrane bound (insoluble) receptor in which the a and P chains 
cooperate to bind antigen. Reference to a "scTCR" is understood to mean a synthetic sinele- 
chain molecule that includes the V-a and V-P regions bound together usually through a flexible 
linker. Unlike the TCR, the scTCR binds antigen with only one chain. The TCR and scTCR are 
structurally distinct proteins that are different molecules that bind antigen in different ways. 
Compare Exhibit A (i)-(ii) (showing eg., substantial structural differences between a TCR and 
scTCR). 

I. Summary of the Cited Art 

A. Chung reports functional three-domain single-chain T cell receptors consisting of a 
human Va and Vp region that recognizes a particular antigen (HLA-DR2b/myelin basic protein). 
Chung determined that it was important to fuse a Cp region to the Vp region. Such a three 
domain construct, when linked to a synthetic cell membrane anchor (glycosyl phosphatidyl- 
inositol (GPI) or CD3£ fragment), was found to be expressed and functional. Chung disclosed 
that the cell membrane anchor could be cleaved from the single-chain receptors to obtain soluble 
protein. See the Abstract. 

Chung opined that his single-chain design "may allow" construction of TCR phage 

libraries and that such libraries "may be" tools for studying TCRs. See pg. 12658. However, 

there is no specific disclosure in Chung about how such libraries could be made or, if made, 

whether his single-chain TCRs could tolerate fusion of the bacteriophage coat protein. Chung 

8 



does not report or suggest that the GPI or CD3£ membrane anchor could be substituted with a 
bacteriophage coat protein. Even if there was such a teaching, there is no disclosure in the 
reference about whether a recombinant bacteriophage could tolerate Chung's scTCR as part of 
the phage coat. 

B. Barbas discloses heterodimeric receptor libraries that use phagmids. In the Abstract, 
phage are taught to encapsulate a genome encoding first and second polypeptides of a receptor 
such as an antibody; in which the first and second polypeptides are integrated into the coat 
matrix of the phage. Barbas generally discloses that such phage may include a polypeptide with 
an "insert domain" that has a receptor domain flanked by a secretion signal domain and a phage 
coat protein membrane anchor domain. Col. 14, lines 10-14. Heterodimeric receptors are 
preferred. See Col. 3, lines 1-41; Col. 14, lines 15-29; and Col. 15, lines 28-32. According to 
Barbas, there was some uncertainty in the field about which portions of bacteriophage coat 
proteins were needed for phage assembly. Col. 2, lines 19-46. 

Barbas does not teach how to make or use a scTCR with or without a fused bacteriophage 
coat protein. 

C. Onda reports use of a phage display system to explore binding interactions between 
the V-a region and antigen. Onda did not disclose use of the system to study TCR or single- 
chain TCR interactions. In the Abstract, Onda provides at pg. 1387: 

We utilized an Ml 3 phage display system, designed for multivalent 
receptor display, to explore specific binding interactions between various TCR a 
chains and specific antigen in the absence of MHC. * 

That is, Onda fused only the V-a region to bacteriophage coat protein. The constructs do not 
include a V-0 region and are not scTCR fusion proteins. Onda's fusions are much smaller TCR "half- 
molecules" lacking the V-p region and antigen binding pocket of Appellants' scTCR. 

Onda at pg. 1395, col. 1, cautioned that his constructs were unusual and not typical of 

standard TCR interactions: 

Our results extend these findings by demonstrating that the dominant interactions 
of certain TCRa chains for peptide antigens may be sufficiently high that they can be 
analysed independently. However, these interactions are quite unusual in that they do 
not require the expression of the second TCR subunit or normal MHC and coreceptor 

9 



interactions. These results may raise concern that this model does not reflect typical 
TCR-ligand interactions. 

Significantly, only some of Onda's Va chain fusion proteins were reported to bind 

antigen when fused to bacteriophage coat protein. At pg. 1395, col. 2 he states that: 

...only a subset of TCR Va have capacity for direct interactions with antigen 
strong enough to be detectable in this system. 

Onda does not teach or suggest fusing a scTCR (V-a and V-p) to a bacteriophage fusion 

protein. 

D. Huse described a phage vector system for screening and producing antibody F(ab) 

fragments. 5 Huse's system was reportedly used to produce free F(ab) and F(ab) displayed on the 

surface of bacteriophage. According to Huse however, not all attempts to produce F(ab) were 

successful. In more than a few instances, the recombinant bacteriophage made to produce the 

fusions apparently would not tolerate certain amounts of antibody protein. In describing 

attempts to display certain antibody H and L chains with his phage vector system, Huse stated on 

pg. 3919, col. 2 that: 

Phage titers of [phage vector] infected cultures were found to decrease 
relative to the level of F(ab)-pVIII fusion protein incorporation (cite omitted). 
Taken together, these results suggest that a functionally viable phage particle 
may be able to tolerate a limited number of incorporated F(ab)-pVIII fusion 
products and that the amount of F(ab) incorporated into the phage coat may 
adversely affect phage titers and overall F(ab) yield. 

Huse does not disclose fusing a bacteriophage coat protein to a scTCR or TCR. 

II. Summary of the Examiner's Argument 

Grounds for the present rejection under 35 U.S.C §103 were formulated in the Office 
Action dated August 25, 2000. See paragraph B, above. The basis for the rejection has not 
changed substantially in the face of Appellants' arguments and claim amendments. 

According to Appellants' understanding of the Examiner's alleged prima facie case, the 
primary references, Chung and Barbas, are alleged to teach a scTCR linked to a bacteriophage 



F(ab) is an abbreviation for an antigen binding fragment of an antibody ( fragment antigen binding). F(ab) is a 
heterodimer consisting of two different chains ie., the antibody light and heavy chain. F(ab) is readily made by 
cleaving whole antibodies with specific proteolytic enzymes. 
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fusion protein. Onda and Barbas are relied on to teach that TCR-bacteriophage fusion proteins 
can be used to study antigen binding. Huse is used to teach that fusion proteins with the coat 
protein can be made in bacteria. The foundation of the Examiner's position is that because 
Barbas, Onda, and Huse teach some bacteriophage coat protein fusions, then it would be obvious 
to make fusions with Chung's scTCRs. Although facially somewhat plausible, the rejection is 
flawed on both scientific and legal principles as discussed herein. 

III. The Examiner Erred in Rejecting Claims L 2, 4, 7, 8, 14, 67, 69, 71 and 72 as Being 
Obvious 

A. Requirements of the prima facie case and its maintenance. 

The Examiner erred in maintaining the obviousness rejection in the face of claim 

amendments and the state of the art as submitted made in this case and its parent. The Federal 

Circuit has reiterated that an Examiner's prima facie case is but a procedural tool of patent 

examination, with the express purpose of allocating the burdens of going forward as between the 

Examiner and Applicant. See In re Deckler 977 F.2d at 1449, citations omitted): 

Specifically, when obviousness is at issue, the examiner has the burden of persuasion 
and therefore the initial burden of production. Satisfying the burden of persuasion, 
constitutes a so-called prima facie showing. Once that burden is met, the applicant has 
the burden of production to demonstrate that the examiner's preliminary determination is 
not correct. The examiner, and if later involved, the Board, retain the ultimate burden of 
persuasion on this issue. 

Clearly, as demonstrated herein, adequate evidence of the unobviousness of the claimed 
invention was provided by Appellants to shift the burden of persuasion to the Examiner. 

In view thereof, it is requested that the Board review the obviousness question based on 
the invention as claimed, and the cited references, including all relevant parts thereof. 

B. Standard For Reviewing An Obviousness Rejection under 35 USC §103. 

The Federal Circuit has reiterated the manner in which obviousness rejections are to be 
reviewed. Where claimed subject matter has been rejected as obvious in view of a combination 
of prior art references, "a proper analysis under section 103 requires, inter alia, consideration of 
two factors: (1) whether the prior art would have suggested to those of ordinary skill in the art 
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that they should make the claimed composition or device, or carry out the claimed process; and 
(2) whether the prior art would also have revealed that in so making or carrying out, those of 
ordinary skill would have a reasonable expectation of success." In re Vaeck , 947 F.2d 488, 493, 
20 U.S.P.Q.2d 1438, 1442 (Fed. Cir. 1991), cited In re Dow Chemical Co ., 837 F.2d 469, 473, 5 
U.S.P.Q.2d 1529, 1531 (Fed. Cir. 1988). As the Federal Circuit emphasized by succinctly 
summarizing: "Both the suggestion and the reasonable expectation of success must be founded in 
the prior art, not the Applicants' disclosure." Id. See also In re Merck & Co., Inc., 800 F.2d 1091, 
231 USPQ 375 (Fed. Cir. 1986). 

More recently, the Federal Circuit has reviewed the case law regarding 35 U.S.C. §103. 
See In re Sang-Su Lee 277 F.3d 1388, 61 U.S.P.Q.2d 1430 (Fed. Cir. 2002). 

Should the Board adopt the Examiner's prima facie case, Appellants submit that the 
claimed invention would not have been obvious in view of the legal standard summarized above. 

C. No Prima Facie Case of Obviousness 

As noted above, the foundation of the Examiner 1 argument rests on the belief that it 
would be obvious to fuse Chung's scTCR to the bacteriophage coat protein of Barbas because, 
allegedly, Barbas and Onda teach TCR-bacteriophage coat fusion proteins and Huse discloses 
that fusion protein with such a coat can be made in bacteria. 

For the Examiner's prima facie case to stand, it is imperative that he establish that: 1) 
The cited references disclose or suggest fusing a bacteriophage coat protein to Chung's scTCR; 
2) there is a settled role for the bacteriophage coat protein in making fusion proteins; and that 3) 
one could fuse Chung's scTCR to Barbas' coat protein with a reasonable expectation of success. 

The Examiner's position is not supported by any of these points. Barbas, as relied on, 
does not teach or suggest a scTCR or even fusion of a scTCR to a bacteriophage coat protein. 
Onda and Huse, when read in their entirety, exemplify uncertainty in the field about using the 
bacteriophage coat protein to make certain fusion proteins. Even Barbas admitted that there was 
some doubt about how much one could change certain bacteriophage coat proteins without 
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hindering phage assembly. Moreover, some of Onda's and Huse 1 molecules did not work well. 
Others did not work at all. On top of that uncertainty is heaped additional doubt about whether 
Chung's "anchor" fragments could be substituted with the bacteriophage coat protein of Barbas. 
There was also doubt about whether the bacteriophage would tolerate fusion of the scTCR to its 
coat. 

i) Barbas and Onda does not teach or suggest a single-chain TCR (scTCR) 
In the Office Action dated August 25, 2000, Examiner Schwadron took the position that 
Barbas discloses: 

soluble fusion protein comprising a bacteriophage coat protein fragment covalently 
linked to a single-chain heterodimeric receptor (see the abstract and column 15, lines 
27-28, in particular). Barbas also discloses that the fusion protein may comprise 
domains of heterodimeric proteins derived from several ligand binding proteins, 

including immunoglobulins and T cell receptors (see column 17, lines 62-66 and column 

19, lines, 9-28. Barbas discloses that T cell receptor comprises alpha and beta chains each 

having a variable(V) and constant(C) region and T cell receptor has similarities in genetic 

organization and function to immunoglobulins (see column 19, lines 19-22, in particular). 
* * * * 

Thus Barbas discloses but does not exemplify a soluble fusion protein comprising a 
bacteriophage coat protein covalently linked to T cell receptor domains 

The heterodimeric receptor proteins pointed out by the Examiner are not scTCRs. 
Heterodimeric proteins, and particularly the TCR of Barbas, are understood in the field to consist 
of two different a and (3 chains. Brief at pg. 1 . Unlike the TCR, the scTCR of Appellants' 
claimed invention is a single-chain molecule with a V-a chain fused to a V-J3 chain. The position 
that Barbas discloses a "single-chain heterodimeric" receptor simply makes no sense. How can a 
single-chain molecule be a "heterodimer" when that requires two (dimer) different (hetero) 
chains? Brief at pg. 1 and footnote 1 . Barbas could not have had the single-chain constructs of 
Onda and Chung in mind. Those references were published well after the priority date of the 
Barbas patent. Thus, nowhere in the reference is there any disclosure about how to make or use 
a scTCR. 

Faced with this rebuttal, the Examiner took the position in the Final Office that Barbas 1 
disclosure of "polypeptides comprising an insert domain" and "receptor proteins" should be read 
to include Chung's scTCRs. Also included in that sweeping reading of Barbas are "single chain 
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or heterodimeric or single chain heteromers". That position is without merit. Too much is read 
from Barbas. It does not provide for any scTCR molecules. If the Examiner's overly-broad view 
of the patent is allowed to stand and sweep in scTCRs, even though Chung's were published well 
after Barbas 1 priority date, it will preempt any attempt to obtain patent protection for scTCR- 
bacteriophage coat fusion proteins. A principle focus of Barbas was to provide heterodimeric 
receptors linked to a phage coat protein. See the Title of the patent, the Abstract and col. 3, lines 
1-41, for instance. Such receptors are not the fusion proteins Appellants claim and there is no 
suggestion in Barbas to make or use them. 

Even assuming, arguendo, that the Examiner is correct and that Barbas taught or 
suggested a scTCR (years before Chung or Onda were published), one reading Barbas in that 
way would be confused in light of the accepted understanding in the field that a heterodimer such 
as the TCR is a complex of two different polypeptide chains. Brief at pp. 1 - 2 and footnote 1 . 

As captioned above, Onda does not disclose a TCR or scTCR fusion to bacteriophage 
coat protein as alleged by the Examiner in the August 25, 2000 and June 17, 2002 Office 
Actions. Instead, Onda reports fusion of TCR a chains to bacteriophage coat protein. See 
Exhibit A (ii) showing the TCR a chain as part of a larger scTCR. These constructs are 
significantly smaller (and less likely to cause solubility problems when fused to coat proteins) 
than the scTCR fusions Appellants successfully made. 

Moreover, the Examiner ignored Onda's clear hesitation about reading too much from 
TCR a chain constructs that include a fused bacteriophage coat protein. According to Onda, the 
interactions of the constructs were unusual and not typical of TCR-Iigand interactions. See 
above and Onda at pg. 1 395, col. 1 . 

Importantly, only some of Onda's TCR a chain constructs even worked to bind antigen. 
See above and pg. 1395 of Onda at col. 2, second full paragraph. 

According to Onda then, some TCR a chain-bacteriophage coat protein fusions work and 
some do not. Those that do work were viewed as "unusual" and "not typical". In view of this 
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caution, one working in this field would not be encouraged to fuse a bacteriophage coat protein 
to a scTCR. None of the other cited references shed any light on Onda's clear hesitation to 
extend there findings to other TCR molecules. 

The Examiner thus erred in trying to formulate a prima facie case by not giving due 

weight to all relevant portions of Onda. Contrary to this practice, it is well established that the 

Examiner must consider all relevant portions of cited references, including those portions which 

substantially weaken her position. In particular, the former CCPA stated in In re Mercier 515 

F.2d 1161, 185 USPQ at 778: 

The relevant portions of a reference include not only those teachings which would 
suggest particular aspects of an invention to one having ordinary skill in the art, 
but also those teachings which would lead such a person away from the claimed 
invention. 

See also Phillips Petroleum Co. v. U.S. Steel Corp ., 673 F.Supp. 1278; 1315, 6 USPQ2d 
1065, 1093 (D.Del. 1987), affd, 865 R2d 1247, 9 USPQ2d 1461 (Fed. Cir. 1989). 

The Board is thus urged to take Onda in its entirety and to consider all relevant portions 
of it including the passages quoted above. Read in this way, as it should, the reference would 
lead one in this field to doubt whether it would be feasible to fuse a bacteriophage coat protein to 
a scTCR to produce a soluble and functional fusion protein. 

ii) Huse reported difficulties producing some bacteriophage coat protein fusions 

The Huse reference, as quoted above, reported that not all F(ab)-pVIII (bacteriophage) 
coat proteins could be made at high titre. That is, Huse stated that the bacteriophage may not 
tolerate some amounts of F(ab) constructs, thereby decreasing phage titres and overall F(ab) 
yield. See above and Huse at pg. 3919, col. 2. When Huse is read in its entirety, as it should, 
the Examiner's statement that "Huse et al. teach that fusion proteins comprising bacteriophage 
VIII coat protein can be produced in bacteria" is an unsupported generalization. Huse clearly 
found that some amounts of heterodimeric F(ab) constructs harmed the bacteriophage that 
carried them. In view of this warning, a worker in the field would have good reason to doubt 
whether a bacteriophage could be fused to a scTCR or even a heterodimer such as a TCR without 
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considerable experimentation. 

The Examiner took the position in the Final Office Action that Barbas and Chung provide 

a reasonable expectation that one could make the claimed fusion proteins: 

Regarding reasonable expectation of success, both Barbas et al. and Chung et 
al. disclose use of phage display systems to produce single chain antibodies (see 
column 2, third paragraph from bottom and page 12658, first column). 

However as clearly illustrated by Huse, not all phage display systems using 
antibodies work as expected. Some amounts of heterodimeric F(ab) antibodies cause 
problems. Thus the Examiner's position is not supported by the art of record in this case. 

The Board is thus requested to take Huse in its entirety and to consider all relevant 
portions of it including the passage quoted above. In re Mercier 515 F.2d 1161, 185 USPQ at 
778; and Phillips Petroleum Co. v. U.S. Steel Corp ., 673 F.Supp. 1278, 1315, 6 USPQ2d 1065, 
1093 (D.Del. 1987), affd, 865 F.2d 1247, 9 USPQ2d 1461 (Fed. Cir. 1989). 

The substantial uncertainties raised by Onda and Huse have not been addressed by the 
Examiner. No objective scientific work has been made of record to resolve or explain them. 
Read in their entirety, as they should, Onda and Huse point out problems about making and using 
some bacteriophage coat protein fusions. Even if one skilled in this field were to read Onda and 
Huse selectively and disregard their warnings, there is still nothing in the art relied on to suggest 
that one could make or use a scTCR fusion to a bacteriophage coat protein. Even Barbas 
admitted that there was uncertainty about what coat protein parts could be manipulated for phage 
assembly. 

In marked contrast, Appellants have demonstrated that it is possible to fuse a 
bacteriophage coat protein to the scTCR and obtain fully soluble and functional fusion protein. 
See Appellants 1 patent specification at Example 1 (showing construction of soluble scTCR fusion 
proteins); Examples 2-3 (production of special vectors to make the scTCR fusion proteins); 
Example s 4-5 (expression of Appellants 1 soluble scTCR fusions); Example 6 (purification of 
the soluble scTCR fusion proteins); Examples 7-11 and 16 (characterization of particular scTCR 
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fusion proteins); and Example 15 (analysis of a bacteriophage library expressing Appellants' 
scTCR). 

Accordingly, the §103 rejection fails both prongs of the Federal Circuit test for 
determining obviousness. See In re Vaeck , supra; and In re Dow Chemical Co ., supra. 
It is submitted that the Board reverse the obviousness rejection in light of this test. 

Whether or not the Examiner is taking the position that it would be obvious to try 
to make the claimed scTCR fusion proteins, both the Board and Federal Circuit have 
made it quite clear that this is not a burden that Appellants must bear. In particular, the 
Court in In re O'Farrell 7 USPQ 2d 1673 (1988) held at page 1681: 

The admonition that "obvious to try" is not the standard under §103 has been 
directed mainly at two kinds of error. In some cases, what would have been 
"obvious to try" would have been to vary all parameters or try each of numerous 
possible choices until one possibly arrived at a successful result, where the prior 
art gave either no indication of which parameters were critical or no direction as 
to which of many possible choices is likely to be successful. 

See also Ex parte Old , 229 USPQ 196, 200 (1985). 

While the Court in In re OTarrell went on to state that while obviousness does not 
require absolute predictability of success, what is required under §103 is a reasonable 
expectation of success. 

Thus whether those in the field may have been tempted to fuse a bacteriophage 
coat protein to a scTCR, the field would have been cautioned from doing so in view of 
the warnings of Onda, Huse and to some extent even Barbas. The Barbas patent does not 
disclose or suggest any scTCR fusion to the coat protein. Chung does nothing to remedy 
these defects. In short, the field's unsuccessful experience with some amounts of 
antibody heterodimers (Huse) and some single-chain constructs (Onda), provides at worst 
no basis for believing that fusion of a bacteriophage coat protein to an scTCR will work 
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and at best, a reason to doubt that such a fusion will result in a fully soluble and 
functional protein. 

iii) No teaching or suggestion that Chung's "anchor" fragment could be 
substituted with Barbas* bacteriophage coat protein 

Chung reported TCRs linked to a cell membrane anchor (glycosysl phosphatidylinositol 
(GPI) or murine CD3 £ chain). The anchor apparently helps to express the single-chain TCRs. 
The anchor molecules are entirely different from the coat proteins of Barbas both in terms of 
chemical structure and function. For example, Chung's anchors are hydrophobic cell membrane 
proteins while those of Barbas are relatively more hydrophilic bacteriophage coat components. 
Chung's anchor apparently plants the scTCR in the membrane while the coat envelops the phage. 

The Examiner has pointed to no teaching or suggestion in the cited art that Chung's 
anchor molecules could be substituted with Barbas' bacteriophage coat proteins. The 
obviousness rejection falls far short of establishing any nexus between Chung's anchors, which 
are attached to his scTCRs, and the coat proteins reported by Barbas. 

iv) Objective Evidence of Non-obviousness 

In addition to the lack of a prima facie case of obviousness, the strong objective 
evidence of non-obviousness presented during prosecution of this case further compels 
allowance of the claims. 

Evidence of such objective indicia of non-obviousness, the so-called "secondary 
considerations" must be considered in all obviousness determinations. Stratoflex, Inc. v. 
Aeroquip Corp., 713 F.2d 1530, 1538-1539 (1983): 

Indeed, evidence of secondary consideration may often be the most probative and 
cogent evidence in the record. It may often establish that an invention appearing 
to have been obvious in light of the prior art was not. It is to be considered as part 
of all the evidence, not just when the decision-maker remains in doubt after 
reviewing the art. 
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See also Graham v. John Deere , 383 U.S. 1, 148 USPQ 459 (1966). 



This standard set forth by the Federal Circuit applies not only during litigation of 
issued patents, but to a determination of patentability during ex parte prosecution as well. 
In re Semaker , 702 F.2d. 989 217 USPQ 1, 7 (Fed. Cir. 1983). However, in the instant 
case, the Examiner is not properly considered evidence of "long felt need and failure of 
others" in maintaining the present § 103 rejection. 

Specifically, Appellants' provided the Holler reference as indicating that the field 
longed to make the claimed fusion proteins but could not. Holler reported that phage 
display had not yet proven successful in making scTCRs despite what he saw as 
extensive structural similarity between antibodies and TCR V regions. Appellants' 
invention addressed this need and succeeded by providing soluble fusion molecules with 
a bacteriophage coat protein linked to the scTCR. The Holler reference is highly 
probative of the difficulties the field had in making these molecules and should be given 
substantial weight by Examiner Schwadron. MPEP 716.01(b). 

The Examiner completely dismissed the Holler reference on grounds that "Holler 
et aL simply not familiar with the prior art". See Part D, above. That is no basis for 
disregarding the Holler's statement that the field wanted but failed to produce the claimed 
invention. Appellants are under no burden to provide evidence of Holler's knowledge of 
the art in order to have the reference considered as objective indicia of non-obviousness. 
See Stratoflex, Inc. v. Aeroquip Corp. , 713 F.2d 1530, 1538-1539(1983); In re Sernaker , 
702 F.2d. 989 217 USPQ 1, 7 (Fed. Cir. 1983); and MPEP 716.01(b). 

Moreover, Examiner Schwadron's citation of Weidanz et al. to support his 
disregard of Holler is clearly improper. That reference is not prior art and cannot serve as 
a basis for ignoring Holler or substantiating the obviousness rejection on appeal. 

It is requested that the Board consider Holler as objective evidence that workers in 
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field wanted, but could not make, the claimed invention. 

CONCLUSIONS 

For the Examiner's prima facie case to stand, he has the burden of showing that: 
1) The cited references disclose or suggest fusing a bacteriophage coat protein to a 
scTCR; 2) there is a settled role for the bacteriophage coat protein in making fusion 
proteins; and that 3) one could fuse Chung's scTCR to Barbas' coat protein with a 
reasonable expectation of success. These points have not been made by the Examiner. 
As discussed above, Barbas does not disclose scTCRs. Moreover, there was significant 
uncertainty in the field about whether it was possible to fuse a bacteriophage coat protein 
to a scTCR as exemplified by Huse and Onda. In view of the cited art and in 
consideration of the Examiner's position, it could be argued that one might be motivated 
to test fusing the bacteriophage coat protein to Chung's scTCR in the hope of producing a 
soluble and function protein. But this is not the legal standard required by our case law. 
It is without a doubt not obvious from the art of record to make the claimed invention of a 
scTCR fused to a bacteriophage coat protein. 

Appellants submit that they have overcome the Examiner's obviousness rejection 
in the view of all the facts and argument of record in this case. Simply put, one of skill in 
this area would not be able to predict, with any reasonable expectation of success, how to 
make and use the claimed invention. 

Importantly, Appellants have provided experimental evidence clearly showing that it is 
indeed possible to make and use scTCR-bacteriophage coat protein fusions. See Examples 1-11, 
15 and 16 as discussed above. 

In summary, Appellants submit that the instant invention is both novel and unobvious. 
The arguments set forth above establish that non-obviousness. 

The prior Appeal Brief submission was mailed on February 19, 2003 which was 
the next business day after two day Federal holiday (Feb. 17 was Presidents' Day and the 
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PTO was closed on Feb. 1 8 due to a weather emergency). Accordingly, submission of 
the prior Brief was timely and within the two-month extension period. The present 
submission of a revised Brief is also believed to be timely. 



Although it is not believed that the present submission requires any fee for 
consideration by the Office, the Examiner is authorizied to charge such fee to our deposit 
account 04-1105 should such fee be deemed necessary. 



Respectfully submitted, 



Date: B y 
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EXHIBIT A 
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EXHIBIT B 
Claims 1, 2, 4, 7, 8, 14, 67, 69, 71 and 72 
on appeal 

What is claimed is: 

1. A soluble fusion protein comprising a bacteriophage coat protein covalently linked to 
a single-chain T cell receptor comprising an antigen binding pocket, wherein the single-chain T 
cell receptor comprises a V-cc region covalently linked to a V-p region by a peptide linker 
sequence that effectively positions the V-a region and the V-P region to form the antigen 
binding pocket, the soluble fusion protein further comprising a C-p region fragment. 

2. The soluble fusion protein of claim 1, wherein the C-terminus of the V-a region is 
covalently linked by the peptide linker sequence to the N-terminus of V-p region. 

4. The soluble fusion protein of claim 2 wherein the C-p region fragment is covalently 
linked between the C-terminus of the V-p region and the N-terminus of the bacteriophage coat 
protein. 

7. The soluble fusion protein of claim 2, wherein the peptide linker sequence 
contains from approximately 2 to 20 amino acids. 

8. The soluble fusion protein of claim 1, wherein the bacteriophage coat protein is 
gene III or gene VIII protein. 

14. A soluble fusion protein comprising covalently linked in sequence: 1) a V-a 
region, 2) a peptide linker sequence, 3) a V-p region covalently linked to a C-p region fragment, 
and 4) a bacteriophage gene VIII protein, wherein the peptide linker sequence effectively 
positions the V-a region and the V-p region to form an antigen binding pocket. 

67. The soluble fusion protein of claim 1, wherein the C-terminus of the V-p region 
is covalently linked to the N-terminus of a C-P region fragment. 
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69. The soluble fusion protein of claim 1, wherein the V-ot region and the V-P region 
are about 200 to 400 amino acids in length. 

71. The soluble fusion protein of claim 1, wherein the C-p region fragment is about 
50 to 126 amino acids in length. 

72. The soluble fusion protein of claim 70, wherein the C-p region fragment does not 
include a cysteine residue corresponding to position 127 of a full-length C-p region. 
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OF F(ab) ANTIBODY FRAGMENTS 
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We describe the application of a novel filamentous 
phage vector system suitable for efficient screening 
md production of F(ab) antibody fragments. The 
sector system can concurrently produce free F(ab) 
xagments and F(ab) displayed on the surface of Ml 3 
>acteriophage via a V„C H l-pVni fusion protein. 
iVhen expressed in a supO (nonsuppressor) strain of 
Escherichia coli free F(ab) can be produced. Anti- 
xxly F(ab) fragments are secreted into culture me- 
lium at concentrations up to 0.3 mg/liter and con- 
veniently subjected to detailed analysis with little 
>r no purification. Higher concentrations of F(ab) 
approximately 10 mg/liter) were found to accumu- 
ate in the periplasmic space. In this report the 
vector system is shown to produce correctly folded 
uid assembled F(ab) fragments of chimeric L6. a 
nAb against a tumor associated Ag expressed by 
nany human carcinomas. 

Until recently mAb have been primarily produced in 
nam mal Ian cells. The slow growth rates and difficulty 
n genetically manipulating antibody genes expressed in 
nammalian cells have motivated development of meth- 
>ds to express antibody genes In simpler organisms. Mo- 
ecular cloning techniques in bacteria have facilitated the 
>roduction and manipulation of antibody fragments, in- 
creasingly aiding the search for useful antibodies (1.2). 
Methods have been reported for the expression of anti- 
>ody fragments in Escherichia coll using plasmlds (3- 
bacteriophage A (8-11). and more recently the fila- 
nentoua phage Ml 3 (12-17). Very large combinatorial 
Ibrartes of 10 5 to 10 a distinct antibody specificities can 
>e created in microorganisms, far greater than can be 
ichleved with hybrldoma cell fusion methods (9. 10). 
lowever. the rapid identification, isolation, and, if nec- 
ssary. modification of antibodies with the goal of im- 
proving affinity or redirecting specificity for Ag depends 
icavlly on the availability of powerful screening methods 
»oth In terms of sampling large numbers of antibody 
ragments and evaluating certain aspects of antibody 
Ending. Hence, an antibody expression vector that per- 
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mits rapid cloning and mutagenesis of antibody V region 
genes and produces sufficient levels of antibody for bio- 
chemical analysis would be highly desirable. 

Because antibody fragments can be displayed oh the 
surface of filamentous phage, bacteriophage Ml 3 vectors 
are proving particularly valuable In creating and screen- 
ing sequence libraries for antibody fragments of interest. 
Briefly, fusion proteins are created by inserting DNA 
encoding an antibody fragment in front of a phage coat 
protein gene (18. 19). The fusion proteins become an- 
chored in the phage coat via the coat protein and antibody 
sequence is displayed at the phage surface. Phage-bear- 
ing antibody sequences of interest can be detected by Ag 
binding and isolated In infectious form (13. 14). In addi- 
tion to antibodies the incorporation of malarial protein 
(20), growth hormone (21), and a hexapeptlde library (22) 
into the coat proteins of filamentous phage has been 
reported. 

We have developed an M13 filamentous phage vector 
system that can produce and display F(ab) as a fusion 
product to pVm coat protein and can also synthesize free 
F(ab) in quantity. We report here the production of chi- 
meric L6 antibody F(ab) fragments in these M13-derived 
vectors. L6 is a mAb against a tumor-associated cell 
surface Ag expressed by many human carcinomas (23). 
L6 has been shown capable of lyslng cancer cells In vitro 
(24) and is currently the subject of clinical trials (25). 

MATERIALS AND METHODS 

Construction of bacteriophage M131XL604for expression of LB 
Ffab). Restriction enzymes, calf intestine alkaline phosphatase. T4 
polynucleotide kinase. T4 DNA polymerase, and T4 DNA Ugase were 
purchased from Boehringer-Mannhelm (Indianapolis. IN). Total RNA 
was Isolated front the chimeric LS-secreting cell line described by 
Fell et al. (26) by the guanldlnlum thiocyanate phcnol/chlorc/orm 
method (27). First strand cDNA was synthesized using oligo dT and 
BRL Superscript reverse transcriptase (GIBCO BRL. Grand Island. 
NY) and PCR* amplification of L6 H chain (Vm-CmI) and L chain (V L - 
C«) sequences was performed by the method of SaikJ et al. (28) as 
modified by Sastry et al. (29). The following primers were used for 
PCR amplification. The restriction endonuclease recognizing the 
boldface and underlined cloning site In the sequences Is Indicated 
within the parentheses: forward V* primer (Xhol): 5'-CAGTCTGGA- 
CCTG AGCTCCAQAAGCCTGC AG AG-3 ' : forward V L primer [Ncot] 

* Abbreviations used in this paper: PCR. polymerase chain reaction; 
gVTn. gene vm coding for the major coat protein of M13 phage: pVm. 
major c oat pr otein of M13 phage; Ci«l H chain C region 1.: V u L chain V 
region: IPTG. laopropyl-0-o-thioga lactopyranoaide: V*. H chain V region; 
MOPS. 3^N-morpbottno)propaiie sulfonic add: TES. 30 mM Trts-HCL % 
mMEDTA, 2% sucrose (w/v). pH 8-0: supE. strains of E. coU that carry a 
gtutamlne Inserting amber (UAG) suppressor tRNA; MES. 20 mM 3-<N- 
morphol1no)propane sulfonic acid. 2 mM EDTA. 20% sucrose (w/v). pH 
7.5; supO. strains of E. coll that do not carry a suppressor tRNA. 
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SCREENING AND PRODUCTION OF Flab) IN A PHAGE VECTOR SYSTEM 
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5 ' ^KXX^CCAGTCATOOCCC^ : 

itmN ci prtmCTlSj^F^'-Tcntrr^ 

GGGCTCTGC-3'; reverse Ce primer (XbaIjT & -CCGCTT AAtTT^r- 
AOACTAACACTCTCCXXrrGTTCAAGCT-3' . The Vh-ChI and V L -C« 
chains were digested and llgated Into prepared Ml 31X31 and 
M13DC12 vectors (30) resulting In M13DC31L6-H and M13K12L6-U 
respectively (Fig. 1). Sequence corrections of the cloned L8 Vh-C*1 
and V t -C chains were accomplished by site-directed mutagenesis 
of uracll-substituted ssDNA as described (31. 32). The correcting 
nucleotides are Indicated by the underlined sequences. Five N-ter- 
mlnal V* amino adds were Inadvertently omitted from the original 
L6 sequence Information resulting In an 1 1 -amino acid de letion upon 
cloning. One V„ correction primer was 5 ' -Cl CTOCAGGc r i y l i C- 
ACKr^CAGCTCX:AGA CX>CTTTTG(C/T)CAC'3^ This primer cor- 
reeled the Xho\ cloning site back to the original L6 sequence and 
replaced V„ codons 7 to 1 0. The C/T mixed site Introduced an amino 
acid change in the leader sequence that was found to Increase 
expression. The following V M primer served to restore the remaining 
six N-tcrmlnal amino adds 5 ' -OAGCTCAGGTCCAGACTGCACCAAC- 
TGCATCTGCkXXATOGCTGQTTGGGC-3'. The following V t primer 
served to correct an Incorrect nucleotide In the reverse C* PCR 
primer 5'-ACTXTItXXXTGTTGAAGCTCTrTGTGA-3' . The H chain 
encoding M 1 31X3 1 L6-H and L chain encoding Ml 31X1 2L8-L vectors 
were combined by annealing as described (30) to form M131XL604 
(Fig. 1). M131XL605 was derived from H131XL604 by mutation of 
the TAG (stop) codon. located between the H chain encoding se- 
quence and the pseudo wild-type gene VIII. to GGT (glycine) using 
the oligonucleotide V-CGCCTTCAGCACCGOATCCACTAGT-3 so 
that continual V„-Ch1-pVHI fusion protein would be made. DNA 
sequence analysis of ssONA prepared from phage Isolates was per- 
formed with Sequenase Version 2 according to the manufacturer 
(United States Biochemical. Cleveland. OH). 

Anybodies and reagents. The antl-ld mAb to L6 have been 
previously described (33). Anti-Id 1 Is a y 2b isotype. antl-ld 3 Is a 
72a tsotype. and both antl-ld 7 and anti-Id 13 are 7 1 Isotypes. 
Alkaline phosphatase -conjugated antibodies were purchased from 
Fisher Biotech (San Francisco. CA). Unconjugated goat anti-human 
< antibody was purchased from CalUg Laboratories (So. San Fran- 
cisco. CA). Rabbit antl-M13 IgG was purified by Sepharoae-proteln 
A chromatography and exhaustively absorbed against whole B, colt 
The anti M13 antibody was subsequently biotlnylated using o-bto- 
tlnoyl-c-amlnocaproic add N-hydroxysucdnlmlde ester (Boehrlnger- 
Mannheim) using standard chemistries. Vectastaln avldln-horse- 
radish peroxidase complex (Vector Laboratories. Burilngame. CA) 
and streptavldln-alkallne phosphatase complex (Boehringer-Mann- 
helm) were used for second step reactions. 

Screening by replicate JUter lifts. M131XL604 phage were plated 
at a low plaque density. F(ab) expression was Induced by overlaying 
the plate with a 0.45-* nitrocellulose filter (Schleicher and Schucll. 
Keene. NH) soaked In 10 mM IPTG and Incubating at room temper- 
ature from 6 h to overnight. The fitter was removed and placed In 
blocking buffer (Bloslte Diagnostics. San Diego. CA) to block nonspe- 
cific binding sites. Phage growth was resumed by Incubating the 
plate for an additional 2 h at 37*C and a second filter applied as 
described above. This procedure was repeated for the last filter and 
all filters were then blocked In blocking buffer. All monoclonal or 
polyclonal antibodies to be used for screening were diluted In block- 
ing buffer. Filters were probed with either alkaline phosphataae- 
conjugated goat antibody to human X -chain, alkaline phosphatase- 
conjugated goat antibody to human 1 -chain, or antl-ld 3. which binds 
to IS anUbody. In the case of anti-Id 3. a secondary alkaline phos- 
phatase-conjugated goat antibody to mouse lg7^a was used for de- 
tection. All filters were then washed three times for 10 mln with 25 
mM Trls. 0.137 M NaCl. 5 mM KCl. 0.9 mM CaCl,. 0.5 mM MgCl,, 
and 0.05% Tween 20 (pH 7.4) and developed with alkaline phospha- 
tase substrate reagent (Blo-Rad. Richmond. CA). 

Flab) production and purification. For analytic scale production 
of F(»b) the sxxpE amber suppressor strain XL-1 (Stratagene. San 
Diego. CA) and the supO nonsuppresaor strain MK30-3 (Boehringer- 
Mannheim) were each grown In 2X YT medium at 37*C until the 
cultures reached a density of 0.4 to 0.6 at OCW Each strain was 
then diluted 1/10 Into three culture tubes containing 3 ml 2X YT 
and infected with 3 >d of high titer (10 11 plaque-forming units/ml) 
phage stock of M13TXL604. M13DCL605. or Ml 31X31 /tube and In- 
cubated with shaking for 3 h at 3T*C. Protein synthesis was Induced 
by the addition of IPTG to a final concentration of 1 mM and shaking 
allowed to proceed for 10 to 14 h at ambient temperature. Perl- 
plasmlc fractions were prepared essentially as described by Skerra 
and Pluckthorn (5). The Infected cultures were centrtfuged for 10 
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Figure 1. Construction of Ml 31XL604 vector for expression ofL6Fab. 
The M13DO604 vector product contains one copy of pseudo wild-type 
gVin {gVMH and one wild-type gvm (gVuT) both downstream from the H 
chain encoding region, gvnp* has been altered in sequence to reduce 
homologous recombination with gvm contained on the same vector. The 
presence of gvm reduce* the likelihood of selection against certain fusion 
proteins as the result of compromised phage viability (34). 

mln at 4*C and the cleared culture supernatant was reserved. The 
bacterial pellet was resuspended In 60 ml cold TES and digested on 
ice for 10 mln after adding an equal volume of a cold freshly prepared 
solution containing 2 mg/ml rysozyme in TES. The perlplasmlc space 
conUlnlng free F{ab) was fracUonated by centrlfugatlon at 9000 rpm 
for 10 mln at 4*C. The soluble perlplasmlc fraction was retained and 
diluted in blocking buffer to adjust the concentration of F|ab) to be 
equivalent to that found in the cleared culture supernatant- 

For purification of L8 Flab) a 1 -liter culture of MK3Q-3 was grown 
and Infected with M131XL604 as described above. The cells were 
harvested by centrlfugatlon at 6800 x g for 1 0 mln at 4*C. The pellet 
was resuspended in 20 ml MES at ambient temperature. An equal 
volume of 2 mg/ml rysozyme In MES was added with mild vortexing 
and the suspension Incubated at ambient temperature for 10 mln. 
The soluble perlplasmlc fraction was Isolated by centrlfugatlon at 
9700 x 0 for 10 mln at 4*C. The perlplasmlc fraction was subjected 
to a second centrlfugatlon at 12*000 x 9 for 30 mln at 4*C The 
cleared perlplasmlc fraction was loaded onto a macioprep 50 S 
support (Blo-Rad) washed extensively with 20 mM MOPS. pH 7.5 
and ehited with 20 mM MOPS* 120 mM Nad. pH 7.5. The partially 
purified L6 F(ab) was concentrated by centrlfugatlon In a Centrlcon 
30 device (Amlcon. Beverly. MAI and size fractionated on a Btogel P- 
60 (Blo-Rad) column equilibrated and ehited with 20 mM MOPS. 1 20 
mM NaCl. pH 7.5. Eluted L8 T[ab) fractions were assayed for binding 
to antl-ld 3 by EUSA. Fractions etutlng at 8. 9. and 10 ml were then 
pooled and concentrated. Samples from each purification step were 
analyzed by SDS-PAGE on a 10% nonredudng gel followed by stain- 
ing with Coomasste brilliant blue. 
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EUSA characterization of LB Flab) produced by M13IXL604. 
13TXL6CM phage stocks were prepared for assay by overnight 
fectton of XL-1 tn LB broth and 10 *g/ml tetracycline to maintain 
prcsslon of F\ and 1 mM IPTG. The bacteria were removed by 
ntrtf ligation (10 mln In a mlcrofugej and the phage solution was 
saved for binding to L6-specl/lc anti-td 1, 3. 7. 13. and to an anti- 
chain antibody by EUSA. All antibodies were coated onto Immulon 
microliter plates (Dynatcch Laboratories. Chantllly. VA) at 10 ^g/ 
I In 0.1 M NaHCOa, pH 8.S* overnight at 4*C. The antibody solution 
as shaken out and the plates were blocked with 300 >»l of specimen 
ocking buffer (Genetic Systems. Seattle. WA) for I h at room 
mperature. Plates were washed before use with 0.5% Tween 20 In 
15 M NaCl and with the same solution between Incubations. Phage 
lutlons were dispensed into microti ter plates In 100 >il of blocking 
iffer and Incubated overnight. After washing. 100 >J of conjugate 
ocking buffer (Genetic Systems) containing 1 Mg/ml of blotinylated 
bblt antibodies to Ml 3 were Incubated 1 h at ambient temperature. 
r ter washing. 100 ^1 of Vectastain avidin-HRP complex were In- 
i bated 30 mln at room temperature.* After a final wash step. 100 
of chromogenlc substrate (3.3\3.5'-teti^ethylbenzkiine) In a 
Lrate/phoaphate buffer were added. The reaction was stopped with 
X) p* of 3 N mS0 4 at various times ranging from 10 mln to 2 h to 
.hleye an optimum signal to background ratio for each different 
ate<oatlng antibody. Plates were read on a mlcroplate reader 
lotck. Burlington. VT) in dual channel mode at 450/63O nm. All 
•say points were measured In duplicate. Ml 31X31 served as a 
tgatJve control. 

The expression of M13IXL604. M13IXL605, and Ml 31X31 In 
ictertal strains MK30-3 and XL-1 was also analyzed by ELISA. 
ilture supernatant and diluted peiiplasmlc fractions prepared from 
fected XL-1 and MK30-3 bacteria described above were serially 
luted In diluent (Blostte Diagnostics), added to microliter plates 
ated with anti-Id 3 and Incubated for 2 h at ambient temperature. 
5 F(ab) expressed In the culture medium or in the periplasmlc space 
as detected with an alkaline phosphatasc-conjugated goat antibody 

human (-chains. Expression of L6 F(ab) displayed on the phage 
i if ace was detected by Incubating the captured sample first with 
e blotinylated rabbit antibody to Ml 3 and then with strcptavidln- 
kaltne phosphatase complex. The washed plates were developed 
Ith 6 mg/ml phenolphthaleln monophosphate In 0. 1 M amlnome- 
.ytpropanedlol. 0.5 M Tils, and 0. 1 % NaN„ pH 1 0.2 (JBL Scientific, 
in Luis Obispo. CA) for 10 to 30 mln. The reaction was stopped by 
kiltion of one-third volume of cold 30 mM Tris base. 6 mM EDTA. 
id the absorbance at 560 nm measured. 

RESULTS 

Construction of L6 F(ab) expression vector 
131XL604. The construction of M13IXL604 Is shown 
i Figure 1. Total RNA was Isolated from the chimeric 
5-secretlng cell line and cDNA synthesized. After PGR 
npllflcation of the cDNA using sequence-specific 
rimers, the chimeric L6 V L -Ct L chain was digested to 
>mpletion with Ncol and Xbal and cloned Into the Ncol/ 
bol site of M13IX12 to construct M13DC12L6-L. Slmi- 
xly. the chimeric L6 Vh-ChI H chain PGR product was 
igested to completion with Xhol and Spel and cloned 
ito the Xhpl/Spel site of M13LX31 to construct 
[13IX31L6-FL Ml 31X31 contains an amber stop codon 
cated directly 5' of a modified gVlil gene (pseudo-gVHI) 
lcodlng mature Ml 3 pVm major coat protein. Cloning 
itibody V H or V„-Ch1 regions into the Xhol/Spel site of 
131X31 abuts these antibody sequences In frame with 
ic amber stop-pseudo gVlil sequence. Thus. 
:i3IX31L6-H should produce L6 Vw-CHl-pVffl fusion 
roduct when expressed In an E. colt amber suppressor 
rain such as XL-1 and produce predominantly free L6 
h-ChI protein when expressed In a nonsuppressor 
xain such as MK30-3. The H and L chain vectors were 
ten recombined Into the single M13IXL604 expression 
riage by annealing H(ndIU/T4 DN A polymerase -digested 
U3IX12L6-L to Mlul/74 DNA polymerase -digested 
i 1 3DC3 1 L6-H through the homologous regions found be- 
ran the Htndm and MM restriction sites contained In 
Dth vectors (30). Correct L6 H and L chain sequences 



were confirmed by DNA sequence analysis. The vector 
M13EXL605. which contains a GGT codon coding for 
glycine In place of the amber stop found In M13IXL604, 
was constructed by site-directed mutagenesis of 
M13IXL604. Thus. M13IXL605 should produce L6 V„- 
ChI -pVm fusion product Irrespective of the bacterial host 
used for expression. 

Functional characterization and purification of 
M\3lXLS04-expressed US Ftab). M13DCL604 phage ex- 
pressing L6 F(ab) was Initially characterized by replicate 
filter lift assays (Fig. 2). XL-1 bacteria were Infected at a 
low multiplicity of Infection resulting In low plaque den- 
sity of phage. No positive plaques were detected by filter 
lift assay when probed with alkaline phosphatasc-con- 
jugated goat antibody to human XL chain (Fig. 2A). In 
contrast, numerous, superimposable. uniform positive 
.plaques were detected. in assays of human x-chain (Fig. 
2B) and anti-Id 3, which recognizes assembled L6 H and 
L chain (Fig. 2C). Thus, screening by replicate filter lifts 
allows for detection of functional F(ab) expressed in this 
system. 

To further evaluate the functional integrity of L6 F(ab) 
expressed by M131XL604. phage displaying L6 F(ab) on 
the phage surface were assayed for binding to a panel of 
distinct mouse monoclonal anti-Id raised against the 
mouse mAb L6. EUSA experiments shown In Figure 3 
demonstrated that four anti-Id antibodies specific for L6 




Figure?. Screening for L6 Kfab) reactivity by replicate filter lifts. 
M131XL604 phage waa reputed at low density for screening. Replicate 
filter lifts were prepared and probed with A) alkaline phospbata*e*con- 
Jugated goat antibody to human X-chaJn. B) alkaline phosphataae-conju- 
gatcd goat antibody to human *-chaln. and C) antl-ld 3 antibody. The 
filter In C waa washed and Incubated with alkaline phosphataae-conju- 
gated goat antibody to mouse Ig72a. Filters were then washed and devel- 
oped with alkaHnr phosphatase substrate reagent. 
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arc recognized by the fusion protein displayed on the 
M13IXL604 phage. In the ELISA format used. 
M13DCL604 phage were grown In the suppressor bacte- 
rial strain XL-1. and phage displaying Incorporated L6 
F(ab)-pVDI protein are captured by solid phase anti-Id 
antibodies and detected with anti-M13 antibodies. Thus, 
only phage-bound L6 F(ab) is detected. The four anti-Id 
antibodies exhibit different binding specificities to L6 
(33). Anti-Id 1 and 7 bind to L6 L chain. 13 to H chain 
and 3 to assembled L and H chains. The binding of 
M13IXL604 phage to an anti-x-chain antibody further 
confirmed the assembly of L6 L chain with L6 H chain- 
pVIII fusion protein to yield F(ab). because L6 L chains 
are of the < type (Fig. 3). Ml 31X31. which contains no H 
chain-encoding region served as a negative control for 
each anti-Id. A representative curve shows no Ml 31X31 
binding. The ELISA results in Figure 3 thus indicate the 
presence of both L6 L and H chains and confirm that 
proper folding and assembly of L and H chains on the 
phage surface have been achieved. 

Purification of L6 F(ab) fragments produced by 
M 1 31XL604 phage grown in the nonsuppressor bacterial 
strain MK30-3 was accomplished by loading the crude 
periplasmtc fraction prepared from a 1 -liter shake flask 
culture onto a cation exchange resin. The eluted material 
was concentrated and size fractionated by gel exclusion 
chromatography. Figure 4A shows the elution profile 
from the gel exclusion column as assayed by ELISA for 
functional binding to anti-Id 3 using anti-human * to 
detect captured L6 F(ab). The purified F(ab) was shown 
to have a M r of 42.7 kDa by SDS-PAGE, a value consistent 
with the 48-kDa size of known F(ab) fragments (Fig. 4B). 
Based therefore on both functional and physical proper- 
ties, the identity of the purified material is chimeric L6 
F(ab). 

Regulated expression of M13IXL604 production of 
F{ab)and phage displayed F(ab). The proper activity of 
M13IXL604-expressed L6 F(ab) having been established, 
the functioning of the expression control system of 
M13IXL604 was tested. This involved comparing levels 
of fusion F(ab) with free F(ab) produced when phage were 
grown in suppressor strains [supE) vs nonsuppressor 
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Figure 3. EUSA characterization of L6 F(ab) produced by M 1 31XL604. 
Various dilutions of phage expressing L6 F(ab) on the phage surface were 
evaluated for binding to anti-Id 1 . 3. 7. and 13 and to an anti-human <- 
chain antibody. Bound phage were then detected as described in Mate- 
rials and Methods. Curves represent the average of triplicate assays. 
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Figure 4. PurtfJcaUon of L6 F(ab) expressed by M131XL604-infected 
MK30-3 bacteria. A) cluticm profile of L6 F|ab) fractions assayed for 
binding to anti-Id 3 anUbody by ELISA. Fractions ehitlng at 8. 9. and 10 
ml were then pooled and concentrated. B) SOS-PACE analysis of purified 
Fab. Samples from each purification step were analyzed by SDS-PAGE 
on a 10% nonreducing gel followed by staining with Coomasale brilliant 
blue. The L6 chimeric F|ab) standard was prepaied from whole IgC by 
papain digestion followed by protein A chromatography (Pierce, Rockfont 
ILL 

strains [supO) of bacteria, respectively. This comparison 
was made using ELISA assays employing anti-Id 3 to 
detect assembled L6 F(ab). F(ab) displayed on the surface 
of M 1 3 phage was detected using the M 1 3 assay described 
in Figure 2. M13IXL605. a variant construct of 
M13IXL604 that has the amber stop codon replaced with 
a glycine encoding codon and therefore always synthe- 
sizes Vw-ChI-pVIII protein, served as a control. 

When phage were grown In the supE strain XL- 1 , both 
M13IXL604 and M13IXL605 secreted phage displaying 
F(ab) Into the culture medium (Fig. 5 A) and. as expected, 
little or no mature phage displaying F(ab) was detected in 
the periplasmic space (Fig. 5B), In the supO strain 



18 



SCREENING AND PRODUCTION OF F(ab) IN A PHAGE VECTOR SYSTEM 



IgureS. Characterization of the 
4XL604 expression control system, 
ild cultures of the amber suppres- 
strmln XL-1 (supE) and the non- 
xesaor strain MK30-3 (supO) were 
i Infected with etther M13IXLG04. 
UXL605. or M13DC31 and culture su- 
latant and pcrlplasmlc fractions pre- 
d as de s cr ibed In Materials and 
hods. Culture supernatant and pcri- 
m from Infected cultures were as- 
d for functional binding to antl-ld 3 
fab) displayed on phage surface (A to 
nd by total F\nb) [E to H), 
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30-3. the amber stop codon In M13IXL604 should 
vent fusion protein formation. Figure 5C shows phage 
playing F(ab) to be sharply reduced In M131XL604 vs 
3DCL605. The low signal seen In the M13DCL604 cul* 
e medium is presumably caused by nonspecific asso- 
tion of L6 F(ab) with phage particles and/or transla- 
lal readthrough. Again no mature phage displaying 
b) was found in the periplasm (Fig. 5D). In examining 
production of F(ab) by the anti-Id 3/<-chain assay 
h M13IXL604 and M131XL605 secreted antl-c-reac- 
: material Into the culture medium when expressed In 
ier XL-1 or MK30-3 (Figs. 5£ and 5G). Because the 
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efficiency of amber suppression can be widely variable, 
we expect that M131XL604 expressed in XL-1 should 
secrete free F(ab) in addition to F(ab) displayed on the 
surface of phage. Thus, the signal in Figure SE should 
represent some combination of the two molecules. Poly- 
ethylene glycol precipitation of both M131XL604 and 
M131XL605 phage from Induced XL-1 culture superna- 
tants showed that approximately 95% of the anU-«*reac- 
tive material remained in the polyethylene glycol-cleared 
supernatant (data not shown) indicating that the predom- 
inant secreted product is free L6 F(ab). Consistent with 
the view that M13IXL604 and M13KL605 secrete free 
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L6 F(ab). abundant amounts of soluble assembled F(ab) 
were detected In the periplasmic space In both strains of 
E. colt (Fig. 5. Fand H). MK30-3 appeared to consistently 
produce higher concentrations of F(ab) than XL-1 . Quan- 
titative ELISA demonstrated that the concentration of 
free F(ab) produced by M13IXL604 grown In the supO 
strain MK30-3 approaches values up to 0.3 mg/liter In 
culture supernatant and concentrations approaching 10 
mg/liter within the periplasmic space (data not shown). 

DISCUSSION 

M 1 31X3 1 (for H chains) and M13IX12 (for L chains) are 
the M13 vectors that can receive polyclonal sets of V 
regions for constructing combinatorial libraries or indi- 
vidual antibody genes for V region production and/or 
mutagenesis (30). The system Is the first to allow differ- 
entially controllable production of free and- fusion F(ab). 
Upon recombtnlng the two vectors, all of the control 
elements required for regulated expression of phage dis- 
played F(ab) or free F(ab) are contained In a single expres- 
sion vector. For phage display F(ab) Is synthesized as a 
fusion product to pVUl coat protein, the major structural 
protein of the filamentous Ml 3 phage particle. In the 
Ml 3 bacteriophage the major coat protein pVUl is ex- 
pressed In several thousand copies per phage particle. 
Although this level of expression may be useful for pro- 
ducing F(ab) as F(ab)-pVllI fusion proteins. pVllI synthe- 
sized solely as a fusion product is not likely to form a 
properly assembled coat as a result of steric hindrance 
by the much larger H chain polypeptide. We reasoned 
that if wild-type pVUl. In addition to F(ab)-pVin fusion 
product, is available for assembly then the formation of 
a mature infectious phage particle could occur. With this 
in mind, the H chain-gvm expression vector Ml 31X31 
was constructed to contain two copies of gVIII. The copy 
that anchors F(ab) to the surface of M13 has had gVIII 
codons extensively altered (pseudo gVIII) to prevent re- 
combination with the wild-type gVHI. 

To demonstrate the utility of these vectors we cloned 
the antibody V L -C«- and V h -Ch 1 -encoding sequences f rom 
the chimeric L6 transfectoma cell line Into the Ml 31X1 2 
and Ml 31X31 vectors, respectively. The two vectors were 
recom bined to create M131XL604. M131XL604 expresses 
a diclstronlc message encoding both H and L chain L6 
sequences under transcriptional control of an inducible 
Lac promoter. An amber stop codon resides between the 
H chain-encoding region and the pseudo gVIII coat pro- 
tein. When grown in an amber suppressor strain {supE) 
of E. coll. M13IXL604 was shown to produce L6 H chain- 
pVIlI fusion protein resulting in phage-displayed F(ab) In 
addition to free F(ab). When free F(ab) was desired as the 
major end product, the phage was grown in a nonsup- 
pressor strain [supO). The M13IXL605 vector, which 
solely produces F(ab)-pVUI fusion protein, was con- 
structed to evaluate, by comparison, the M 1 31XL604 con- 
trol system. 

M13IXL605 was found to display slightly higher levels 
of phage-associated F(ab) than M13DCL604 when grown 
In the supE bacterial strain. This Is likely attributed to a 
higher proportion of F(ab)-pVTII fusion protein relative to 
wild-type pVTU produced in the M13IXL605- Infected 
strain. In both the supE and supO bacterial strains 
M13IXL604 secreted chimeric L6 F(ab) at levels some- 
what higher than those of M13IXL605. Phage titers of 
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M13IX31-. M13DCL604-. and M13IXL605-lnfected cul- 
tures were found to decrease relative to the level of F(ab)- 
pVHI fusion protein incorporation (D. Yelton, unpub- 
lished observations). Taken together, these results sug- 
gest that a functionally viable phage particle may be able 
to tolerate a limited number of incorporated F(ab)-pVlII 
fusion products and that the amount of F(ab) Incorpo- 
rated Into the phage coat may Inversely affect phage titers 
and overall F(ab) yield. Furthermore, the appearance of 
free F(ab) in the culture media suggests that H chain - 
pVUl fusion protein unincorporated into phage is properly 
assembled with L chain and secreted as functional F(ab). 

The set of anti-Id antibodies raised against the murine 
mAb L6 demonstrated that faithful expression and func- 
tion of bacterially produced chimeric L6 F(ab) occurs In 
the M 1 31X 1 2 and M 1 31X3 1 vector system. L6 F(ab) activ- 
ity Is readily detectable by either the nitrocellulose filter 
lift or ELISA formats. The anti-Id antibodies used In these 
studies serve as a convenient and Informative model for 
antibody-Ag binding. Inasmuch as the tumor Ag bound 
by L6 In vivo Is yet to be purified or fully characterized. 

The Ml 31X31 and Ml 31X1 2 vector system described 
here can serve as a versatile, general purpose approach 
to F(ab) production and screening. F(ab) production in 
this system Is sufficiently robust to permit multiple rep- 
licate filter lifts, a practical requirement for Implement* 
Ing various screening strategies. The vectors can be used 
to create combinatorial antibody libraries to identify 
novel antibodies. Screening of sufficiently large combi- 
natorial antibody libraries could potentially allow useful 
antibody fragments of murine or human origin to be 
Isolated without the necessity to perform standard Im- 
munization procedures (35). In addition, because oligo- 
nucleotide-directed mutagenesis Is con venient and highly 
efficient In Ml 3 these vectors are ideal for engineering 
antibodies with new properties. It is conceivable that the 
ability to create stable, high affinity human antibodies is 
a promising endeavor. 

In a companion publication (36), we show that the 
Ml 31X31 and M13DC12 antibody expression system 
lends Itself to efficient antibody engineering by site-di- 
rected mutagenesis. Codon-based mutagenesis of L6 hy- 
pe rvariable regions proved effective in altering the fine 
specificity of L6 in a predefined manner. Thus the system 
allows mutagenesis, screening, and mutant F(ab) produc- 
tion to be accomplished very rapidly. 
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A PHAGE DISPLAY SYSTEM FOR DETECTION OF T CELL 
RECEPTOR-ANTIGEN INTERACTIONS 
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Abstract— The process of T cell recognition involves a complex set of interactions between the various, 
components of the TCR/MHC. peptide trimolecular complex. We have developed a system for 
exploring the specific binding interactions contributed by the constituent subunits of TCR complexes 
for components of their ligands. We utilized an M 13 phage display system, designed for multivalent 
receptor display, to explore specific binding interactions between various TCRoc chains and specific 
antigen in the absence of MHC. The multivalent TCR-phage display system was sensitive enough to 
reveal some TCRat chains capable of binding directly to antigen with the same fine specificity shown 
by the MHC-restricted T cells from which the a chains were derived. Cross-specificity analysis using 
two antigen-binding TCRa chains derived from T cells with different polypeptide antigen specificities 
confirmed the fidelity of this binding. In mixtures of antigen-binding and non-binding TCRa-dis- 
playing phage, specific selection was achieved at a starting frequency of 1/1000, suggesting that this 
system can be employed for selection and analysis of TCR-displaying phage libraries. While the 
binding specificities exhibited by these TCRs are unusual, they provide a novel perspective from 
which to study the specific binding interactions that constitute TCR antigen binding. 

Key words: MI3 filamentous phage, peptide binding, phage-display, TCR. 



INTRODUCTION 

Specific recognition by T lymphocytes is mediated by T 
cell antigen receptors (TCR) (Jorgensen et a/., 1992b; 
Chien and Davis, 1993). The most extensively studied 
TCR-4igand interactions involve TCRot/f heterodimers 
binding to peptide-M HC complexes. A number of stud- 
ies have focused on defining the intricate biochemical 
interactions between the various components of the TCR 
and MHC-peptide complexes. As a consequence of these 
investigations, it has been suggested that residues within 
the CDR3 regions of TCRa and fi chains interact with 
specific residues from the antigenic peptide fragment 
(Davis and Bjorkman, 1988; Engel and Hedrick, 1988; 
Danska et at., 1990; Jorgensen et a/., 1992a). More recent 
studies have indicated that TCR interactions with peptide 
appear to be very specific, while interactions with MHC 
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are comparatively degenerate (Enrich et a/., 1993). The 
TCR-MHC interactions could be established in a variety 
of configurations with the same TCR and MHC and 
appear to be influenced by the interaction of the TCR 
with the peptide. Thus, while TCR interactions with resi- 
dues from both peptide (Engel and Hedrick, 1988; Dan- 
ska et a/., 1990; Jorgensen et al., 1992a) and MHC 
(Ajitkumar et a/., 1988; Peccoud et a/., 1990) appear to 
be essential for efficient T cell recognition, the dominant 
interactions are seemingly mediated by CDR3 residues 
associated with specific peptide (Ehrich et a/., 1993). 

Although most studies have focused on conventional 
TCR binding of MHC-peptide ligands, a number of 
alternative TCR-hgand interactions have emerged, pro- 
viding the basis for further studies in TCR specificity. 
Examples include TCR chain-binding to superantigens 
(White et at. f 1989; Gascoigne and Ames, 1991; White 
et a/., 1993); TCRs which specificany bind peptide-free 
mycotic acid antigens in the context of CDI restricting 
elements (Porceili et aL y 1992); and TCRs with speci- 
ficities for carbohydrate moieties of post-translationaily 
modified peptide antigens (Haurum et a/., 1994; 
Michaelsson et al., 1994). These recent studies of non- 
conventional TCR-ligand interactions lend credence to 
earlier studies of T cells which expressed ot/f TCRs capable 
of binding directly to hapten-conjugates (Rao et al^ 
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1984a, 1984b; Siliciano et aL, 1986) or peptide antigens 
(Esch and Thomas, 1990) in the absence of MHC 
proteins. Interestingly, direct TCR-binding interactions 
with hapten or peptide ligands, in the absence of MHC, 
demonstrated relatively high affinity constants (KqS = 5 
x iq- 5 -6 x 10"*) when compared to the normal range 
of TCR-ligand affinities (Rao et a/., 1984b; Siliciano et 
aL, 1986; Esch and Thomas, 1990; Davis and Chien, 
1993). 

Studies of TCR that directly bind nitrophenol haptens 
suggested that the specificity was mediated by the TCRa 
subunit in a manner independent of TCR/f (Kuchroo ei 
aL, 1991). Similar studies by our group and others have 
suggested the possibility that a subset of TCRa molecules 
may bind directly to antigen for which theT ceH encoding 
the TCR protein is specific (Bissonnetre et aL 1991; 
Green et aL 1991; Mori et aL |993). While these unusual 
TCR-ligand interactions may represent a relatively small 
subset of TCR specificities, they are nonetheless 
intriguing because they provide an alternative approach 
with which to explore the many complex interactions that 
mediate specific binding. Since the constituent a and 0 
chains of TCR may bind different residues of the peptide 
ligand component in a relatively autonomous manner 
(Jorgensen et aL 1992a, 1992b), we reasoned that it 
should be feasible to study directly the specific inter- 
actions of TCRa chains with antigenic peptide. An 
elemental analysis of the specific interactions that con- 
stitute the complex binding of TCR with MHC-peptide 
ligands would be extremely useful. While these studies 
would not refute existing theories of conventional TCR- 
antigen binding, they would provide a unique perspective 
from which lo study the individual specific binding inter- 
actions between the various subunits of the TCR- 
MHC/peptide complex which contribute to the overall 
TCR binding specificity. 

We employed the filamentous phage display system for 
the study of immunological receptors (Kang et aL, 1991; 
Barbas and Lerner, 1991b) to directly assess specific bind- 
ing interactions of several TCRa polypeptides with anti- 
genic peptide and globular proteins in the absence of 
MHC. The multivalent phage display system, utilized to 
enhance avidity, was optimally suited to study inter- 
actions of TCR molecules directly with their peptide 
ligand, as the binding affinities are relatively low com- 
pared to immunoglobulin receptors. 



EXPERIMENTAL PROCEDURES 



Reagents, strains, vectors 

The Escherichia coli XLl-Blue (tef) and VCSM13 
helper phage (kan*) were purchased from Slratagene. All 
enzymes were purchased from Boehringer Mannheim 
and Promega. The phagemid vector pComb8 (Kang et 
aL, 1991) utilized to produce clones encoding TCRa 
chains fused to the cpVHI of M13 filamentous phage 
was generously provided by Denise Burton (The Scripps 
Research Institute). All molecular biology procedures 
were performed according to conventional techniques as 



described in Molecular Cloning: a Laboratory Manual 
(Sambrook et aL, 1989) unless indicated otherwise. 

Peptides and antibodies 

Poly 1 8 peptides were kindly provided by Dr Bhagirath 
Singh (University of Western Ontario. Canada). Bee 
venom phospholipase A 2 and bovine phospholipase A 2 
were purchased from Sigma. Cell lines producing hamster 
anti-mouse TCRa (H28-710.16) and anti-TCR/? (H57- 
597 hamster IgG) were kindly provided by Dr Ralph 
Kubo (Cytel, La Jolla, CA, U.S.A.). Supernatants were 
concentrated by precipitation with 45% saturated 
ammonium chloride followed by dialysis, and the anti- 
bodies were purified by protein A chromatography. 

The TCRa cDNA and clones 

Full-length cDNA sequences encoding the A 1 . 1 TCRa 
(Green et aL, 1991). 5C.C7 TCRa (Fink et aL, 1986) 
(provided by S. Hedrick, University of California, San 
Diego, CA, U.S.A.) and the 3B3 TCRa (Mori et aL, 1993) 
(T. Mikayama, unpublished sequence), respectively, were 
used as templates in the polymerase chain reaction (PCR) 
subcloning procedures. Fifty nanograms of cDNA tem- 
plate was mixed with 60 pmol of each primer (Table 1), 
200 mM dNTP, Promega Taq polymerase buffer con- 
taining 1.5 mM MgCl 2 and five units of Taq polymerase 
in a final volume of 100 ml. Amplification was carried out 
for 20-30 cycles on a TwinBIock thermal cycler (Ericomp 
Inc., San Diego, CA, U.Sj\ ) under the following con- 
ditions: 1 min of denaturation at 94°C, 2 min of primer 
annealing at 50°C, 1 min of elongation at 72°C followed 
by a final elongation at 72°C for 15 min. Amplified prod- 
ucts were hydrolysed (4 hr at 37°Q at the Xhol and Xbal 
sites (25 U cnzyme//ig PCR fragment) encoded by the 
primers, size-fractionated by agarose gel electrophoresis 
and purified using a Geneclean procedure (Bio 101 Inc., 
La Jolla, CA, U.S.A.). The PCR primers were designed 
to produce TCRa cDNA sequences that could be ligated 
into the pCombS vector in frame with the pclB leader 
sequence at the 5' end and fused to the N-terminus of the 
cpVIII protein on the 3' end. The purified Xhol - Xbal 
insert was directionally cloned into the phagemid vector 
pComb8 at the Xhol and Spel sites and transformants 
were screened with internal oligonucleotide probes in 
colony lifts. Plasmid DNA from positive clones were 
sequenced by the dideoxy method using Scquenase 2.0 
(USB Corp., Cleveland, OH, U.S.A.), analysed using 
the MacVector analysis program (IBI, New H§ven, CT, 
U.S. A.) confirming identity, orientation and in-frame 
cloning of TCRa cDNAs. 

Recombinant phage preparation 

Production of recombinant filamentous phage dis- 
playing TCRa chains was carried out essentially as pre- 
viously described for the production of phage displaying 
immunoglobulin receptors (Kanger aL, 1991; Barbas and 
Lerner, 1 99 lb). Briefly, E. coli XLl-Blue (Stratagene) 
cells were transformed with recombinant TCRa/pComb8 
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Table 1. The TCRa-specific primers 
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Y arable region primers 

TCR V« (senae) 
5C.C7 

TCR V* (sense) 
3B3 

TCR Vet (sense) 



Al 



5M3AAGAGCICQAQATGAAATCC TGAGT-3* 

5-TGGACACICCAQATGCAGAGGAACC 

5'<KXKX;GCrcGAGATGAAATCXnTGAGTCTTTrACTA 
GTGGTCCTGTGGCTCCAGTTAAACTGCGTG AGG A GC- 
CAGCAGCAAGTGCAGCAG AGTCCTGCA-3' 

5- GCTGTCiaa£^Crc^ 

6- CAGGAGIOAGAGCCAa:CK^ 

Restriction sites used 



Constant region primers 
TCR-VJC 
TCR Ox (anusense) 
TCR-VJ 

Truncated Ox (antisense) 



phagemid and selected on LB plates containing 100 /ig/ml 
ampicillin. Fresh ampicillin-resistant colonies were 
grown in liquid culture on a shaker at 37 C C in super- 
broth (SB) for 1-2 hr in the presence of ampicillin (50 
pg/ml) to select for cells bearing phagemid and tetra- 
cycline (10 /ig/ml) to induce the F episome. The cultures 
were then incubated with 1 mM isopropyl /*-r>thio- 
galactoside (TPTG) for 1 hr to induce production of the 
TCR-cpVTH fusion protein and then superinfected with 
VCSM13 helper phage (10 12 pfu) (Stratagcne) to give a 
final phage/cell ratio of 10-20:1. The cells were shaken 
(37°C) for an additional 2 hr and then selected for 
helper phage induced antibiotic resistance (kanamycin, 
70 /ig/ml) and grown overnight, 37*C, 250 rpm. Phage 
supernatant was cleared by centrifugation of the cultures 
(4000 rpm in a GSA rotor, Sorvall, at 4°Q. The phage 
were precipitated by adding 3% (w/v) NaCl and 4% (w/v) 
polyethylene glycol 8000 for 1 hr at 4X and centrifuged 
at 9000 rpm in a Sorvall GSA rotor at 4°C The phage 
pellets were resuspended in PBS to 1/25 of the original 
volume and aggregated phage and debris were removed 
by centrifugation for 5 min in a benchtop micro- 
centrifuge. Phage supernatants were transferred to fresh 
tubes and stored in aliquots at — 20 3 C. 

Affinity selection panning 

The panning procedure utilized to screen binding of 
TCR displayed on the surface of filamentous phage was 
a modification of the original protocol described by 
Parmiey and Smith (1988). Wells of a microtitration 
ELISA plate (Immulon 2. Dynatech) were coated with 
peptide or phospholipase A 2 (Sigma) in sodium bicar- 
bonate (0.1 M, pH 9.5) at 4°C overnight in a volume of 
50 fi\ at the concentrations indicated in the figure legends. 
Antibodies were coated onto plates using Tris (50 mM, 
pH 9) at 4°C overnight in a volume of 50 jd at the 
concentrations indicated in the figure legends. The wells 
were washed twice with PBS (Dulbccco's, pH 7.4) and 
blocked by completely filling the well with 3% bovine 
scrum albumin (BSA) (Sigma, fraction V) and incubated 
for 1 hr at 37°C. The blocking solution was flicked out, 



rinsed with PBS and 50 jil recombinant phage was added 
to each well (typically I0'°-10" CFU unless otherwise 
indicated) and incubated for 2 hr at 37°C The phage 
were then removed and the wells were washed 10 x (pip- 
etting up and down to wash) with TBS/Tween (50 mM 
Tris-HCl, pH 7.5, 1 50 mM NaCl, 0.05% Tween 20) over 
a period of 1 hr allowing the wells to remain filled between 
washings. Washing was done carefully to ensure simi- 
larity between samples, experiments and individuals. 
Adherent phages were eluted with 50 p\ elution buffer 
(0. 1 M HQ adjusted to Ph 2.2 with solid glycine, 1 mg/ml 
BSA) for 10 min at room temperature and neutralized 
with 6 ml of 1 M Tris base. Eluted phage were used to 
infect fresh E. coli XLl-Blue cells, OD^o * 1 (grown in 
the presence of 10 jig/ml tetracycline to induce F episome 
expression) for 15 min at 37°C followed by selection 
on LB/ampicillin plates to assess the number of bound 
recombinant phage per ml of eluted phage. 

Immunobiot of TCRa-p VIII fusion proteins 

Phagemid DNA of TCR-pComb8 or control con- 
structs were transformed in XLl-Blue cells and trans- 
formants were inoculated in 25 ml 2xTY medium 
containing 50 jig/ml ampicillin. Protein expression was 
induced with 0.1 mM IPTG at an OD«o = I for 7 hr at 
26°C. Cells were harvested by centrifugation, sonicated 
on ice for 1 min in PBS, 1 mM PMSF, 1% NP-40 and 
the resulting lysate was centrifuged (13 s 000g, 4 C Q to 
remove insoluble debris. The soluble cellular proteins 
were analyzed by SDS-PAGE and immunoblotted with 
an anti-TCRa antibody (H28-7 10.1 6). 

Presentation assay 

The TCR specificity of A 1.1 hybridoma cells for our 
poly 18-rclated peptide analogues was assessed by mea- 
suring the 1L-2 responses of A 1.1 cells to peptide-pulsed 
BALB/c (I-A*) spleen cells (y-trradiated 2000 rad). Super- 
natants were collected following overnight peptide stimu- 
lation and the relative production of IL-2 was assessed 
in a CTLL assay. Starved CTLL cells were washed and 
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incubated in various dilutions of sample or control super- 
natant* (100 >d) in 96-well plates (Costar) at 37°C for 
16 hr. The cells were then pulsed with [ 3 HJ-thymidinc 
(1 /xG/well) and harvested an additional 4-$ hr later. The 
IL-2-dependent proliferation was assessed by the relative 
level of ( 3 H}-thymidine incorporation (cpm). 

Hybridization of replica plates 

Following two rounds of affinity selection panning 
(described above), ampicillin-resistant CFUs were blot- 
ted onto replica filters as described (Sambrook et aL y 
1989). The replica filters were denatured (0.5 N NaOH, 
1.5 M NaCl) and neutralized [1.5 M NaCl, 0.5 M Tris- 
HCL (pH 7.4)] and then fixed -(80°Q 2 hr). The filters 
were then hybridized with a 5' ^-labelled A 1.1 TGR Va 
specific probe (5'-GAAGAGCTCGAGATGAAATC- 
CTTGAGT-3). 
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RESULTS 
The TCR phage display 

We previously presented evidence suggesting that the 
TCRct molecule from the Al.l T cell hybridoma (Val.2, 
JaTA65) may bind directly to antigenic peptides for 
which this T cell is specific (Bissonnelte et a!., 1 99 1 ; Green 
et al., 1991). The MI3 filamentous phage display system 
(Kang et al., 1991; Barbas et aL, 1991a; Barbas and 
Lerner, 1991b) provided the means to directly assess the 
ability of Al.l TCRa polypeptides to specifically bind 
to peptide antigens. We utilized the phagemid vector, 
pCombS (Kang et al., 1991) to generate recombinant 
phage-displaying TCR proteins fused to the N-terminus 
of the coat protein VIII (cpVHI). The cpVHI molecules 
form the capsid coat during phage assembly (utilizing 
about 2500 cpVHI proteins per phage particle) allowing 
for multiple receptors to be displayed on the surface of 
the recombinant phage (Felici et aL, 1991 ; Greenwood et 
al. f 1991; Kang et al., 1991). This multivalent expression 
can greatly enhance the avidity, which facilitates the 
study of binding interactions with moderate affinity. 

The PCR-gcneratcd fragments encoding the VJ- or 
VJC-domains of the A 1 . 1 TCRct molecule were subcloned 
into the pComb8 phagemid vector to generate recom- 
binant phage displaying multiple copies of the Al.l 
TCRa molecule on the surface. This is illustrated in Fig. 
1 (see Experimental procedures). Extracts of cells trans- 
formed with various recombinant or control phagemids 
were subjected to SDS-PAGE and immunoblotted with 
an anti-TCR Ca specific antibody (H28.710.16) to con- 
firm that TCRa/cpVIII fusion proteins were produced. 
As shown in Fig. 2A, a protein that migrated with the 
predicted molecular weight for the TCR-VJC/cpVIIl 
fusion protein, Mr 36.5 kDa, was detected from extracts 
of cells transformed with the Al . 1 TCR-VJCa construct. 
A second protein of M, 34.5 kDa was also detected, which 
probably represents a partially degraded form of the 
fusion protein, since it was not observed in the other 
lanes. No bands were observed from extracts of cells 
transformed with either the parental phagemid (pCombfl, 
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Fig. I. Schematic protocol for the generation of chimeric con- 
structs. (A) Full-length cDNA sequences encoding various 
TCRoc chains were used as templates in the polymerase chain 
reaction (PCR) subcloning procedures. The 5' PCR primers 
(arrows) contained an Xhol site designed to generate a PCR 
fragment that could be li gated into the pCombS vector in frame 
with the pelB leader sequence. The 3' primers (arrows) con- 
tained a sequence encoding a flexible linker (GGGS) and an 
Xba\ site to generate a fusion gene with the major cpVIII upon 
ligation. The PCR fragments were digested with Xbal and Xhol. 
purified and directionally cloned into the phagemid vector 
pCombft. (B) The recombinant TCR<r-pComb8 phagemids 
contained an amp' gene utilized to facilitate drug selection of 
recombinant phage. Production of the recombinant 
TCRa/cpVIII fusion protein was driven by the inducible LacZ 
promoter following transformation of competent XL 1 -Blue 
cells (Stratagene). Transport into the periplasmic space during 
production was mediated by the pelB leader sequence. (Q The 
predicted structure of the recombinant TCRa/cpVIII fusion 
proteins consisted of a TCRa polypeptide and a flexible linker 
(GGGS) fused to the N-terminus of the cpVIII molecule. The 
pelB leader sequence at the N-terminal end is cleaved off fol- 
lowing transport into the periplasmic space. The recombinant 
fusion protein was incorporated into the viral capsid coat dur- 
ing phage assembly to generate recombinant MI3 phage dis- 
playing TCR molecules on the surface. 



vector only) or the Al . 1 TCR VJa construct, which both 
lack the Ca domain recognized by the H28.710.16 anti- 
body used for detection. 
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Fig. 2. Expression of TCRa/pComb8 recombinant fusion 
proteins. (A) Western blot analysis to detect expression of AI.l- 
TCR-VJCo/cpVllI fusion proteins in E. coii. Lysates from 
recombinant TCRa-pComW (lane 1: Al.l-TCR VJ; lane 2: 
A1.1-TCR-VJQ or parental pComb8 (lane 3: vector only) 
phagemtd transformed XL 1 -Blue cells were subjected to SDS- 
PAGE and immunobtotted with an anti-TCR Cat antibody 
(H28.710.16). The position of the band migrating at the pre- 
dicted molecular weight of the TCR-VJGx/cpVIH fusion pro- 
tein (M, 36.5 kD) is indicated by the arrow. (B) Display of 
TCR-VJCa polypeptides on the surface of recombinant phage. 
Binding of recombinant phage to anti-TCR antibody was uti- 
lized to detect the presence of TCR on the phage surface. 
Recombinant TCRa-pCombS phage or parental pCombS 
phage (indicated in the figure) were panned on plates coated 
with antibodies specific for TCR Ca (H28.710. 16, solid bars) or 
TCR V06 (H57-597, hatched bars). The number of bound 
phage was assessed by counting the number of chiled ampidllin 
resistant CFU following extensive washing as described in the 
experimental procedures. 



The presence of TCR* molecules displayed on the sur- 
face of recombinant phage was assessed using anti-TCR 
antibodies. Recombinant phage were "panned** on plas- 
tic dishes (Parmley and Smith, 1988) coated with cither 
anti-TCR Gx (H28-7I0.16) or anti-TCR Cp (H57-597) 
antibodies (Fig. 2B). Following extensive washing, the 
bound phage were eluted with a low pH buffer. Sub- 
sequent infection of host cells with eluted phage was 
readily achievable as the cpIII proteins, utilized for 
adsorption to the F' episome and infection of E. coli> 
remain intact following acid elution. Since the pComb8 
phagemi4 vector contains an amf gene, the number of 
bound phage could be assessed by counting the number 
of ampicillin-resistant CFU following infection of host 
cells with eluted phage. In addition to recombinant phage 
displaying Al. 1 TCRa chains, we also constructed phage 
displaying the TCRot chains from the 5CC7 T cell hybrid- 
oma (specific for pigeon cytochrome C peptide restricted 



to 1-E k ) (Fink et al, 1986). As shown in Fig. 2B, both 
the A 1.1 TCR-VJCa as well as the 5C.C7-TCR-VJCa 
recombinant phage were readily bound by the anti-TCRa 
but not the anti-TCR/f antibodies. As predicted, the par- 
ental pCombS phage (vector only) and recombinant 
TCR-VJoc phage showed no binding to either antibody 
as these phage lack the TCR Cot determinant recognized 
by H28.710.16 antibody. Thus, polypeptides bearing 
TCR Ca specific determinants were effectively displayed 
on the surface of recombinant phage particles, indicating 
that TCRor/cpVIII fusion proteins could be effectively 
incorporated into the capsid coat during phage assembly. 

Specificity of TCR displayed on recombinant phage 

The A 1 . 1 T hybridoma cells recognize a synthetic poly- 
peptide with the sequence poly [EYK(EYA) 5 ] (poly 18) 
presented by I-A d (Fotedar et aL 1985). The antigenic 
fine specificity of Al. I cells for a series of poly 1 8 -related 
peptide analogues was assessed by measuring the IL-2 
responses to peptide pulsed BALB/c (I-A*) spleen cells. 
As shown in Fig. 3 A, A 1.1 cells produced cytokine in 
response to two of the peptides, EYK(EYA)« and EYK- 
(EYA) 4 EYK. Peptide analogues, substituted with ala- 
nines at residues 3 or 10, failed to stimulate A 1.1 cells. 
These results are in agreement with those reported by 
others for this cell line (Fotedar et al. 9 1985). The anti- 
genic fine specificity of the A 1.1 hybridoma cells for the 
four peptides described above provided a model with 
which to compare specificity of TCRar molecules dis- 
played on recombinant phage. 

The poly 18-rcIated peptide analogues utilized to 
characterize the specificity of A 1.1 hybridomas were 
coated onto 96-well plates for panning experiments to 
assess the binding capacity and specificity of the TCRot 
molecules displayed on the phage surfaces. Bound phage 
were extensively washed, eluted and then quantitated by 
counting the number of ampicillin-resistant CFUs fol- 
lowing infection of host cells. Representative of a series of 
10 binding experiments. Fig. 3B shows that recombinant 
phage expressing A 1.1 TCR-VJCa preferentially bound 
to the antigenic peptides, EYKEYAEYAEYAEY AEYK 
and EYKEYAEYAEYAEY A, but not to non-antigenic 
peptides with an alanine substitution at residues 3 (EYA- 
EYAEYAEYAEYA) or 10 (EYK EY AEY A/4 Y AEYA). 
The parental pComb8 phage (vector only) and recom- 
binant phage displaying 5C.C7-TCR-VJCot showed no 
specific binding to any of the four poly 18 peptide ana- 
logues (Figs 3B and 4A). Recombinant phages displaying 
A 1.1 TCR VJa, which lack the Ca-domain, also showed 
preferential binding to the antigenic peptides, indicating 
that the specific binding was mediated by the TCR Vot- 
and Jot-region domains (Fig. 4B). The observed pref- 
erential binding to antigenic peptide was reproducible 
and consistent over a wide range of phage titres when 
we collected the quantitative data from seven different 
experiments utilizing several different recombinant phage 
preparations from two different recombinant constructs 
(Fig. 4C). Thus, direct binding by phage displaying Al.l 
TCRa to peptides reflects the antigenic specificity of the 
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Fig. 3. Antigenic fine specificity of A 1. 1 hybridoma cells and 
A 1. 1 -TCR* Recombinant phage. (A) Fine specificity of Al.l 
hybridoma cells. The ability of poly 18 related peptide ana- 
logucs to induce an IL-2 response was utilized to assess the fine 
specificity of Al.l hybridoma cells. The BALB/c spleen cells (1- 
A 4 ) were pulsed with the indicated poly 18 related peptide 
analogues and co-cultured with Al.l hybridoma cells as 
described in the experimental procedures. The relative amount 
of IL-2 produced in response to the peptide antigens is indicated 
in the X-axis as the amount of tritiated thymidine uptake in a 
CTLL assay. (B) Comparative fine specificity of peptide binding 
by recombinant Al.l-TCR phage. The binding capacity of 
recombinant phage displaying Al.l-TCR-VJCz was assessed 
using the same four poly 18 related peptide analogues used to 
assess the fine specificity of the Al.l hybridoma cells. Plates 
were coated with the indicated peptide analogues followed by 
panning with recombinant phage displaying Al.l TCR-VJGx. 
The number of bound phage following extensive washing was 
assessed by determining the number of eluted ampicillin resist- 
ant CFU. 



Al.l hybridoma from which the TCRot cDN A sequence 
was derived (see Fig. 3A), despite the absence of class II 
MHC presentation. 

Affinity selection of specific TCRol 

To assess the capacity for affinity selection of phage 
displaying specific TCR polypeptides, recombinant 
phage displaying Al.l TCR-VJCa were mixed 1:100 or 
1:1000 with phage displaying 5C.C7-TCR-VJCa and 
then subjected to two rounds of affinity enrichment on 
plates coated with antigenic poly 1 8 peptide analogues. 
The eluted phage were used to infect host cells and col- 
onies from ampicillin plates were lifted onto nitro- 
cellulose filters. The colony-lifts were lysed and 
hybridized with a DNA probe specific for the A 1 . 1 TCRa 



sequence. We found that 85% (468/554) of the colonies 
from the 1:100 mix and 76% (113/149) of the colonies 
from the 1:1000 mix contained Al.l TCRa specific 
sequences (Fig. 5). Thus, two rounds of selection enriched 
the phage displaying All TCRa by over 500- and 3000- 
fold, respectively. These results suggest that the phage- 
display system can be utilized to select for T cell receptors 
capable of binding directly to peptide ligands and has 
potential to be utilized as a gene identifying system for 
TCRa chains with relatively high affinity for their peptide 
ligand. 

The TCRa binding directly to protein antigen 

While phage displaying 5C.C7-TCR-VJCa failed to 
bind to the poly 18 peptide analogues bound by Al.l 
TCRa recombinant phage, these phage also failed to bind 
antigenic cytochrome C peptide, in repeated attempts 
(data not shown). Thus, differences in detectable binding 
of TCR Va to specific antigenic peptides may represent 
variance in the particular TCR-ligand interactions such 
that only a subset of TCR, including that on Al.l cells, 
have direct interactions strong enough to be detectable 
in this system. Accordingly, we constructed recombinant 
phage displaying TCRa from the 3B3 T cell hybridoma, 
which has previously been suggested to express a TCRa 
chain product capable of direct interaction with antigen 
(Mori et a/., 1993). The 3B3 hybridoma was generated 
from BALB/c mice immunized with bee venom phos- 
pholipase A 2 (PLAJ and is specific for a bee venom 
PLA 2 derived peptide (residues 19-34) in the context of 
I-A d (Mori et ai. t 1993). Two aspects of 3B3 TCR binding 
characteristics made it particularly interesting for phage 
display studies of direct antigen-binding TCRa chains. 
Firstly, three-dimensional structural analysis of bee 
venom PLA 2 indicated that the antigenic peptide residues 
associated with 3B3 TCR binding are exposed to the 
outer surface of the PLA 2 molecule in the form of a 
flexible loop (Scott et a/., 1990). Secondly, previous pep- 
tide competition studies of 3B3 TCR specificity suggested 
that the TCRa chain may be able to bind directly to 
unprocessed bee venom PLA 2 (Mori et a/., 1993). There- 
fore, we constructed recombinant phage displaying 3B3- 
TCR-VJCa to test the ability of this TCRa chain to 
directly bind to unprocessed bee venom PLA 2 protein in 
a specific manner. 

The PCR-generated fragments encoding the 3B3- 
TCR-VJCa polypeptide were subcloned into the 
pComb8 vector for production of recombinant phage. 
Bee venom PLA 2 was coated onto 96-well plates for pan- 
ning experiments to assess the binding capacity and speci- 
ficity of the 3B3 TCRa chains displayed on the phage 
surface. We observed binding of recombinant 3B3-TCR- 
VJCa phage, but not parental pComb8 phage (vector 
only), to bee venom PLA 2 coated wells (Fig. 6A). Fur- 
thermore, binding of recombinant 3B3-TCR-VJCa 
phage to BSA (3% BSA, used for blocking) was not 
observed. Moreover, the recombinant phage displaying 
3B3 TCR-VJCa did not bind to bovine PLA 2 (Fig. 6B), 
which lacks the exposed hydrophilic loop containing the 
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Fig 4. Antigenic binding is mediated by the VJ regions of specific TCR-recombinant phage. (A) The 
binding capaaty of parental pCombS phage or recombinant phage displaying Al.l-TCR-VJCa or 
5C.C7-TCR-V JCa for the indicated poly 1 8 related peptide analogues was assessed using the panning 
protocol described in the experimental procedures. Plates were coated with the indicated peptide 
analogues and panned with the indicated phage. The number of bound phage following extensive 
washing was assessed by determining the number of ampicillin resistant CFU/^I. (B) The binding 
capacity of recombinant phage displaying TCR VJ« (truncated C-region) from the AI.I or 5C.C7 
hybndoma cells to the four indicated poly 18 related peptide analogues was determined as described 
above to asse* whether the VJ-regions were sufficient to mediate the specific binding to antigenic 
^,i Q rdatiVC binding ^totf of several recombinant phage preparations, displaying 
TCR-VJ& or TCR VJ«, for the indicated poly 18 related peptide ^ab^es are compareS from 
seven different panning experiments as described above. The experiments described in (A) and (B) 

are included for comparison. 



antigenic peptide sequence associated with 3B3 TCR 
binding (Dijkstra er aL 1981; Mori et al y 1993). The 
observed preferential binding to antigenic bee venom 
PLA 2 was reproducible and consistent over a wide range 
of phage titres when we collected the quantitative data 
from five different experiments utilizing several different 
recombinant phage preparations (Fig. 6Q. Thus, the 
phage display system enabled us to assess the novel 
Capacity of a TCRa chain to bind directly to antigenic 
protein in the absence of MHC 



In order to further assess the specificity of the TCRa 
recombinant phages for their respective antigenic ligands, 
wc did parallel panning experiments with the AI.I TCR- 
VJCa and 3B3 TCR-VJCa recombinant phage (Fig. 7). 
Phage displaying AI.I TCR-VJCa showed binding to 
the antigenic poly 18 peptide analogue (EYK- 
EYAEYAEYAEYA EYK) but not to bee venom PLA 2 . 
In contrast, phage displaying 3B3 TCR-VJCa dem- 
onstrated specific binding to bec venom PLA, but not to 
the poly 18 peptide analogue. Thus, the TCR phage- 
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Fig. 5. Affinity selection of specific TCR on recombinant phage. 
A mixing experiment was done to assess the capacity for affinity 
selection of peptide specific TCR displayed on the surface of 
recombinant Al.l-TCRa-pComb8 phage. The Al.l-TCR- 
VJGx phages were mixed 1:100 or 1:1000 with 5CC7-TCR- 
VJQt phage and subjected to two rounds of affinity selection 
by panning as described in the experimental procedures. Colony 
lifts were hybridized with a radiolabeled A 1.1 -TCRa specific 
oligonucleotide probe. Autoradiographs of the hybridized rep- 
lica filters are shown in panels A-D. Autoradiographs of control 
colony lifts from plates inoculated with unmixed 5C.C7 TCRa 
recombinant phage (pane! A) or unmixed Al.l-TCRa recom- 
binant phage (panel B) are shown Tor comparison with plates 
from mixing experiments starting with Al.la/5C.C7ot ratios of 
1:100 (panel Q or 1:1000 (panel D) prior to the two rounds of 
affinity selection. 



display system described here facilitated the study of 
TCRa chains capable of binding directly to antigenic 
epitopes in a specific manner. 

DISCUSSION 

The phagodisplay system (Smith, 1985) has proved to 
be extremely useful for the study of specific recepior- 
ligand interactions (Winter et ai y 1994). The advantage 
of this system for immunological studies is that the dis- 
play of receptors on recombinant phage provides a means 
to link directly antigen recognition structures and the 
genetic instructions encoding the receptor (Kang et aL, 
1991). Consequently, the phage display system has been 
invaluable for the characterization and selection of anti- 
body specificities for antigenic ligands. Here, we have 
shown that this system can be utilized further to study 
specific binding interactions of constituent TCR poly- 
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Fig. 6. Antigenic specificity of recombinant phage displaying 
TCRa polypeptide from 3B3 hybridoma crib." (A) The binding 
capacity of parental pComb8 phage or recombinant phage dis- 
playing TCR-VJC* from the 3B3 hybridoma cell to bee venom 
PLA 2 was asyrs*»d using the panning protocol described in the 
experimental procedures. Plates were coated with the indicated 
concentration of bee venom PLA 3 and then panned with 10* 
CFU of recombinant phage displaying 3B3-TCR-VJG* or par- 
ental pCombS phage. The number of bound phage following 
extensive washing was assessed by determining" the number of 
amptcillin resistant CFU//d. (B) The specificity of recombinant 
phage displaying TCR-VJGz from the 3B3 hybridoma cell for 
bee venom PLA 3 and bovine PLA 2 was assessed using the pan- 
ning protocol. The number of bound phage following panning 
with 10'° CFU of recombinant phage and extensive washing 
was by determining the number of ampicillin resistant 

CFU//J. (Q The reUtive binding specificity of several recom- 
binant phage preparations, displaying 3B3-TCR-VJCa for bee 
venom PLA 2 or bovine PLA 2 are compared from five different 
panning experiments as described above. 
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peptides to antigenic ligands. Specifically, the phage-dis- 
play system facilitated a novel demonstration of direct 
binding by TCRa chains to peptide or protein antigens 
in a specific manner. These results indicate that for some 
TCRa chains the binding affinity to antigenic peptide 
may be sufficiently high that it can be detected in the 
absence of the TCR0 chain, and in an MHC-independcnt 
manner. It has been postulated previously that TCR 
binding to peptide by Va- and V/J-subunits may be rela- 
tively autonomous and that the resulting TCR-peptide 
interactions can dramatically influence TCR-MHC inter- 
actions; indicating the "primacy** of TCR-peptide inter- 
actions (Enrich el a/., 1993). Our results extend these 
findings by demonstrating that the dominant interactions 
of certain TCRa chains for peptide antigens may be 
sufficiently high that they can be analysed independently. 
However, these interactions are quite unusual in that they 
do not require the expression of the second TCR subunit 
or normal MHC and coreceptor interactions. These 
results raise the concern that this model docs not reflect 
typical TCR-tigand interactions. Indeed, gene transfer 
studies of Al .1 TCRa chain sequences indicated that the 
expression of the a chain alone was not sufficient to confer 
responsiveness to peptide antigen alone or in the context 
of I-A d (H. Zheng, A. Fotedar and D.R. Green; unpub- 
lished data). Furthermore, activation of A 1.1 hybridoma 
cells required specific peptide antigen to be presented in 
the context of the appropriate MHC (I-A d ) (Fotedar et 
a/., 1985). The requirement for MHC presentation and 
natural TCRa/? conformation for functional interaction 
of cell surface expressed receptors may be essential for 
bringing the respective binding sites into close enough 
proximity to establish the specific binding interaction 
between the residues of opposite charge which mediate 
binding. The specificity data presented here (Fig. 3 and 
Fig. 4 and Fig. 7) suggest that these requirements may 
not be necessary for some receptors to detect specific 



binding in non-cellular TCR phage-display systems. 
Therefore, the data presented here do not suggest that 
the TCRa chain alone would be sufficient for T cell rec- 
ognition and activation, but rather that the TCR ph age- 
display system provides a means to explore the specific 
binding interactions that mediate TCR binding to antigen 
at a constituent level. While this study does not refute 
commonly held theories of TCR-antigen interactions, 
this system does provide a means to explore the innate 
specific binding interactions contributed by the con- 
stituent subunits of TCR complexes for the peptide com- 
ponent of MHC-peptide ligands. In the absence of 
detailed structural data for the TCR peptide/MHC tri- 
molecular complex, models such as this can provide 
important insight into the nature of the elemental inter- 
actions that constitute TCR binding to MHC-peptide 
complexes. Furthermore, such information should 
facilitate interpretation of the structural data for the 
trimolecular complexes when this becomes avail- 
able. 

Previous studies indicate that TCR-peptide binding 
interactions are very specific, since single amino acid 
changes had profound effects on binding (Engel and Hed- 
rick, 1988; Danska et a/.. 1990). In accordance with these 
results, the direct binding of phage-displayed TCRa 
chains to antigen appeared to be specific. Recombinant 
phage-disptaying AM TCRa chains bound to antigenic 
peptide analogues but not to mutated peptide analogues 
that failed to activate A 1.1 hybridoma cells (Fig. 3 and 
Fig. 4). Additionally, the cross-specificity experiment 
indicated that recombinant phage-displaying A 1 . 1 TCR- 
VJCa or 3B3-TCR-VJCa bound their respective antigens 
but did not cross-react (Fig. 7). 

The failure of repeated attempts to demonstrate spec- 
ific binding of recombinant phage-displaying 5C.C7 
TCRa to cytochrome C peptide indicated that only a 
subset of TCR Va have the capacity for direct interactions 
with antigen strong enough to be detectable in this 
system. Previous studies of 5C.C7 TCR interactions with 
peptide antigen indicate that specific binding was 
mediated by CDR3 residues from both the a and 0 chains 
(Jorgensen el al. t 1992a, 1992b). Thus, binding to antigen 
by receptors such as 5C.C7 TCR may require the com- 
bined binding interactions of the a and fi chains to 
mediate strong specific binding, while antigen binding by 
receptors such as A 1.1 and 3B3 TCR may be dominated 
by specificities mediated predominantly by the TCRa 
chain. 

The phage-display system described here extends the 
study of T cell recognition by providing a means to sim- 
plify the study of the specific interactions that constitute 
the overall receptor-ligand interactions. The power of 
the phage-display system is that recombinant phage can 
be amplified and subjected to multiple rounds of affinity 
selection as they contain the genetic instructions for pro- 
duction of the receptor molecule. A system for selection 
and cloning of antigen-binding TCR molecules will be 
useful in exploring TCR binding to various antigens and 
should provide a means to more closely examine TCR- 
ligand interactions. 
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ABSTRACT T-cell receptors (TCRs) are membrane an- 
chored heterpdimers structurally related to antibody mole- 
cules. Single-chain antibodies can be engineered by linking the 
two variable domains, which fold properly by themselves. 
However, proper assembly of the variable domains of a human 
TCR (V« and V„) that recognize the HLA-DR2b/mye!in basic 
protein-(85-99) peptide complex was critically dependent on 
the addition of a third domain, the constant region of the TCR 
P chain (Cp), to the single-chain construct. Single-chain mol- 
ecules with the three-domain design, but not those with the 
two-domain design, expressed in a eukaryotic cell as chimeric 
molecules linked either to glycosyl phosphatidylinositol or to 
the transmembrane/cytoplasmic domains of the CD3 £ chain 
were recognized by a conformation-sensitive monoclonal anti- 
body. The chimeric three-domain single-chain TCR linked to 
CD3 ( chain signaled in response to both the specific HLA- 
DR/peptide and the HLA-DR/superantigen staphylococcal 
enterotoxin B complexes. Thus, by using this three-domain 
design, functional single-chain TCR molecules were expressed 
with high efficiency. The lipid-linked single-chain TCR was 
solubilized by enzymatic cleavage and purified by affinity 
chromatography. The apparent requirement of the constant 
domain for cooperative folding of the two TCR variable 
domains may reflect significant structural differences between 
TCR and antibody molecules. 



T-cell receptor (TCR) recognition of antigen fragments pre- 
sented by major histocompatibility complex (MHC) mole- 
cules is a critical step in the initiation of a specific immune 
response (1, 2). The TCR a and p chains are each composed 
of two immunoglobulin-like domains; most of the amino acid 
residues that are found to be highly conserved in the variable 
(V) region of immunoglobulins are also found in TCR V 
regions, suggesting that the tertiary structure of the TCR may 
resemble that of immunoglobulins (3, 4). However, TCR V 
regions have significantly more primary sequence variability, 
an increased apparent rate of divergence in phytogeny, and 
peaks of variability in addition to those noted in immuno- 
globulins (5, 6). In order to understand and control the 
molecular interactions underlying T-cell recognition of 
MHC/peptide complexes; complete structural knowledge of 
the TCR is required. 

Several approaches have been employed to produce sol- 
uble, recombinant TCRs. In these recombinant TCR mole- 
cules, the transmembrane/cytoplasmic regions of a and 0 
chains were replaced with sequences from lipid-linked pro- 
• teins (7), the CD3 f chain (8), or immunoglobulins (9, 10). 
Soluble TCRs were either recovered as secreted proteins or 
obtained by enzymatic cleavage of the surface-expressed 
recombinant proteins. All of these approaches rely, however, 
on the assembly of the heterodimer, which is inefficient (11). 
In addition, high-level expression of the human TCR a chain 
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in transfected eukaryotic cells is not stable. These problems 
can be avoided by the design of a single-chain (sc) recombi- 
nant protein in which the V regions of the heterodimer are 
joined by a short peptide linker. Such a design has been 
successfully applied to antibody molecules (12). Such recom- 
binant molecules, scFv, have a specificity and affinity similar 
to 'that of native antibodies (12). Several reports have de- 
scribed the production of scTCRs in bacterial expression 
systems using the sc antibody (Fv) design (13-16), but none 
have presented functional data indicating that these scTCRs 
could recognize their MHC/peptide complexes or superan- 
tigens. Recently, however, the production in bacteria of a 
scTCR with the two-domain Fv design that could recognize 
its natural ligands has been reported, although the fraction 
correctly refolded was extremely low (17). 

In the present report, different scTCR designs were eval- 
uated in transfected eukaryotic cells with respect to surface 
expression of TCR molecules, proper folding, and recogni- 
tion of the appropriate MHC/peptide ligand. A three-domain 
sc construct [a-chain V (Vjl-linker-^-chain V (V^)-)3-chain 
constant (C^)] was stably expressed on the cell surface when 
linked to a glycosyl phosphatidylinositol (GPI) anchor and 
recognized by a conformation-dependent monoclonal anti- 
body (mAb) specific for the V^17 segment. The soluble form 
of this recombinant protein could be readily obtained by 
enzymatic cleavage with phosphatidylinositol-specific phos- 
pholipase C (PI-PLC). Replacement of the GPI domain with 
the cytoplasmic portion of the f chain resulted in a functional 
TCR molecule that transduced an intracellular signal follow- 
ing recognition of either the proper MHC/peptide or the 
MHC/staphylococcal enterotoxin B (SEB) superantigen 
complex. The production of a functional scTCR directly 
demonstrates the feasibility of employing sc design to pro- 
duce soluble TCRs. 

MATERIALS AND METHODS 

Construction of Recombinant TCR Molecules. cDNAs of 
TCR a and p chains were prepared from mRNA of Hy.2H9 
cells (18) with Superscript reverse transcriptase (BRL) and an 
oligo(dT) primer (Sigma) and were amplified by PCR using 
Vent DNA polymerase (New England Biolabs) and primers 
5'-GCTCGAGGCGGCGATGGAAACTCtCCTGGGAGT-3' 
(A5) and 5'-GGAATTCAGCTGGACCACAGCCGC-3' for 
a-chain and 5'-GCTCGAGCTCTGCCATGGACTCCTG- 
GA-3' and 5 ' -GG AATTC AG AAATCCTTTCTCTTG AC-3 ' 
for /3-chain. The cDNAs were cloned into the mammalian 
expression vector pBJ-neo (8). GPI-anchored TCR molecules 
(a-PI and 0-PI) were constructed as follows. A Ban I site was 
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engineered after the fifth amino acid residue beyond the last 
cysteine by oligonucleotide-directed mutagenesis. The region 
3' of the Ban I site was then replaced with a Ban l-Not I 
fragment encoding the GPI signal domain from the human 
placental alkaline phosphatase. For the construction of vari- 
ous scTCRs, variable domains of the 2H9 TCR a and p chains 
were prepared by PCR using primers A5 and 5'-CAGAGCT- 
CACGGATGAACAATAAGGCTGGT-3' for the V a domain 
in all the scTCR constructs, 5 '-TCGGATATCG ATGGTG- 
GAATCACTCAGTCC-3' (B5) and 5 ' -C AG AG ATC AG- 
C ACGGTG AGCCGGTTCCC-3 ' for the Vp domain in AB- 
PM, 5'-GTGGGAGATCTCTGCTTCTGATGGCTCAAAC 
and B5 for the V? domain in AB-PI-2, 5'-CACGGATC- 
CCCGTCTGCTCTACCCCAGGC and B5 for the V„ and 
domains in ABC-PI, and 5'-CACGGATCCCCGTCTGCTC- 
TACCCCAGGC-3' and B5 for the and Cp domains in 
ABC-f. The cDNA encoding the transmembrane and cyto- 
plasmic domains of murine CD3 ( chain (8) was a gift of R. D. 
Klausner (National Institutes of Health). Convenient restric- 
tion sites were engineered at the end of each fragment to aid 
in the assembly of the.construct. The linker was a 15-amino 
acid motif of GGGGS repeated three times (12) with Sac I at 
the 5' end and EcoRV at the 3' end. Except for a-PI, all the 
constructs were cloned into pBJ-neo, which carries the G418- 
resistance gene. a-PI was cloned into pCEP-4 (Invitrogen), 
which bears the hygromycin-resistance gene. All constructs 
were verified by multiple restriction digests and by sequencing 
with the Sequenase kit (United States Biochemical). 

Affinity Purification and Characterization of a Soluble 
Three-Domain scTCR. After transfection and G418 selection 
(8), cells expressing a high level of GPI-linked three-domain 
scTCR (ABC-PI) were isolated by three rounds of sorting. 
The resulting cells were grown in spinner culture to a density 
of 10 6 per ml and harvested by centrifugation. The pellet was 
washed twice with phosphate-buffered saline (PBS) and 
resuspended in PBS containing 2 mM Pefabloc (Centerchem, 
Stamford, CT) to a density of 5 x 10 7 per ml with PI-PLC 
(Sigma) added at 1 unit/ml. Cells were incubated at 37°C for 

1 hr with constant rocking. The supernatant was collected by 
centrifugation and by passage through a 0.45-/un filter and 
applied to a column of Acti-gel (Sterogen, Arcadia, CA) with 
immobilized 0F1. The column was washed with 10 volumes 
of PBS and the soluble TCR was eluted with 0.15 M glycine 
(pH 2.8). Fractions were immediately neutralized with 0.1 
volume of saturated Tris. The soluble TCR was then dialyzed 
against > 100 volumes of PBS at 4°C with at least four changes 
and concentrated to 0.5 rag/ml by vacuum dialysis against 
PBS. Five micrograms of purified soluble three-domain 
scTCR was analyzed by SDS/PAGE under reducing condi- 
tions. 

Stimulation of Transfectants with Antibodies, SEB, and 
Peptide/MHC Ligands. ABC-f-transfected BW5147£ a~p~ 
(19) cells (5 x 10 4 per well) were cultured in a 96-well 
round-bottom plate to which various antibodies had been 
immobilized (1 /xg per well)* The supernatants were collected 
after 24 hr and interleukin 2 (IL-2) production was assessed 
in a bioassay using an IL-2-dependent cell line (CTLL) and 
the CellTiter-96 nonradioactive proliferation assay 
(Promega). In the case of ABC-f-transfected RBL-2H3 (8) 
cells, the cells were incubated with [ 3 H]serotonin (NEN) at 
0.5 /xCi (18.5 kBq) for 24 hr before they were added to the 
antibody plate . After incubation at 37°C for 2 hr , radioactivity 
released into the supernatant was measured in a liquid 
scintillation counter. The specific serotonin release was 
calculated as described (8). For SEB stimulation, 5 x 10 4 
transfected cells per well were cultured with various con- 
centrations of SEB (Toxin Technology, Sarasota, FL) in the 
presence or absence of 2 x 10 s B cells. For antigen presen- 
tation, 5 x 10 4 transfected cells per well were cocultured with 

2 x 10 3 B cells which were incubated with or without the 



myelin basic protein (MBPM85-99) peptide for 3 hr before 
the experiment. The assays were conducted as described 
above. 

RESULTS 

mAb CI Recognizes a Conformational Epitope of TCR. 
Recombinant TCR molecules were generated by using the 
TCR ct- and 0-chain sequences of the human MB P- specific 
T-cell clone Hy.2H9 (18). This clone TCR is composed of the 
Vo3.1 and V p 17,l segments and is specific for the immuno- 
dominant MBP peptide MBP-(85-99) in the context of HLA- 
DR2 (DRA, DRBm602) (18). Usage of the Vpll.l segment 
allowed the proper folding of recombinant TCRs to be probed 
with the superantigen SEB (20) and the mAb CI (21). To 
confirm the V^17 specificity pf CI, the extracellular domains 
of TCR a and p chains of Hy.2H9 cells were fused to the 
C-terminal sequence from human placental alkaline phospha- 
tase for GPI anchorage (Fig. 1) and the DNAs encoding the 
GPI-anchorcd p and a chains (0-PI and a-PI) were sequen- 
tially transfected by eiectroporation (8) into a TCR a- and 
j3-chain-deficient murine lymphoma cell line, BW5147 cT/T 
(BW~) (19). The surface expression of the GPI-anchored 
TCR chains was monitored by staining with mAbs aFl (22), 
pFl (23), and CI. aFl and pFl recognize nonconformational 
epitopes located in the C region of the TCR a and p chains, 
respectively. Surface expression of the GPI-anchored TCR p 
chain is independent of heterodimer formation and assembly 
of the CD3 complex (7). In the /3-PI-transfected cells (Fig. 2, 
open curves), high-level expression of p-Pl was confirmed by 
staining with 0F1. Interestingly, there was little CI staining 
of these transfectants. However, when a GPI-anchored 2H9 
a chain was supe (transfected into the 0-PI transfectant (Fig. 
2, shaded curves), CI reactivity was greatly increased while 
the level of 0F1 staining remained constant. Thus, the 
Vpl7-specificCl epitope is conformational and dependent on 
the proper pairing of TCR a and p chains and can therefore 
be used to assess the proper folding of recombinant TCRs 
bearing a Vpl7 sequence. 
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Fig. 1. Schematic representation of TCR <*> and 0-chain genes 
and various chimeric constructs. S — S, disulfide bond; L, leader; V, 
variable segment; J, joining segment; C, constant region; TM, 
transmembrane region; Cy, cytoplasmic region; ATG, start codon; 
Li, 15-residue peptide linker containing three repeats of GGGGS; PI, 
GPI domain of human placental alkaline phosphatase with the 
sequence LAPPAGTTDAAHPGRSWPALLPLLAGTLLLL (7), 
The £ region contains transmembrane and cytoplasmic domains of 
the murine CD3 ( chain starting at position 31 (8). 
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Fig. 2. Cocxpression of a-PI and 0-PI arc required for CI 
reactivity. Flow cytomeric analysis of £-PI-transfected BW - cells 
stained with mAb aFl, 0F1, or CI before (open curves) and after 
(shaded curves) the supertransfection of the a-PI construct. 

High-level expression of the TCR a chain (a-PI) was, 
however, not stable either alone or in the presence of 0-PL 
Attempts were made on several cell lines, including COS-7, 
CHO-K1, and a TCR-deficient variant of Jurkat cells, JK-/T 
(J.RT3-T3,5, American Type Culture Collection). The ex- 
pression level of a-PI was comparable to that of 0-PI after the 
initial drug selection, but continued culture for less than a 
month yielded a population of cells with little surface ex- 
pression of a-PI, whereas 0-PI expression was stable (data 
not shown). The inability to obtain cell lines with stable 
high-level expression of the Pl-anchored human TCR o-chain 
has been reported by other laboratories as well (24). 

Expression and Purification of a Three-Domain scTCR. To 
overcome the limitations set by the unstable expression of the 
human TCR a chain, various sc designs were examined. 
Initially, a design similar to that of sc antibodies (Fv) was 
chosen (12). A 15-residue flexible linker was used to link the 
C terminus of the V^Ja domain to the N terminus of the /3 
chain. The GPI domain was then ligated to the C terminus of 
the V^-Jp domain. The construct (AB-PM, Fig. 1) was 
transfected into several cell lines, including JK-/3", COS-7, 
CHO-K1, and BW" . Although the expression of the gene was 
confirmed by the detection of the correct RNA transcripts 
(Fig. 3£), no surface expression was detected, as evidenced 
by negative CI antibody staining (Fig. 3A). Inununoprecip- 
itation after metabolic labeling failed to recover any Cl- 
reactive sc molecules from these transfectants (data not 
shown). The inability to identify any Cl-reactive protein 
could have been due to the design of this molecule, such as 
insufficient linker length between the extracellular domain 
and the GPI domain. To improve the accessibility of the sc 
construct, another two-domain scTCR was designed in which 
an extra 30-amino acid portion of the N terminus of the C$ 
domain was added as a hinge region. The transfectants of this 
construct (AB-PI-2, Fig. 1) were still not reactive with the CI 
antibody (data not shown). Finally, the entire Cp domain was 
added to the sc construct. A complete C fi domain should 
provide enough distance for the V^-Vp domains to be ex- 
pressed on the cell surface and, more importantly, should 
allow surface expression to be monitored with another anti- 
body, 0F1 (23). This three-domain scTCR was constructed 
by extending the TCR 0-chain sequences to the residue right 
before the last cysteine (the sixth cysteine), which was then 
fused to the GPI domain. The last cysteine was deleted to 
prevent dimerization between Cp domains. This construct 
(ABC-PI, Fig. 1) was transfected into BW" cells and surface 
expression was confirmed by staining with both /3F1 and CI 
(Fig. 3C, shaded curves). Both antibodies stained the cells 
with comparable efficiency, suggesting that most of the 
molecules were expressed in the correct conformation. 
Moreover, the molecule could be efficiently cleaved from the 
cell surface with PI-PLC (Fig. 3C, open curves). 

Soluble three-domain scTCR was purified from transfec- 
tants after PI-PLC cleavage followed by affinity chromatog- 
raphy using the 0F1 antibody. The purified three-domain 
scTCR appeared as multiple bands at 50-70 kDa after SDS/ 
PAGE (Fig. 3D). The heterogeneity of scTCR is probably the 
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Fio. 3. Flow cytomeric analysis of surface expression of scTCR 
constructs. 04) Lack of CI reactivity in BW" cells transfected with 
two-domain scTCR (AB-PM). (B) RNA analysis of poly(A)-enriched 
total cell RNA isolated from BW~ cells transfected with two-domain 
and three-domain scTCR constructs AB-PM and ABC-PI, respec- 
tively. Samples were analyzed in a nuclease SI protection assay (25) 
using probes specific for the 5' end of the transcripts from the TCR 
constructs. The coexpressed heo (G418-resistance gene) transcripts 
from the vector were analyzed with a probe at the same time as a 
control. (C) Flow cytometric analysis of ABC- PI- transfected BW" 
cells with both 0F1 and CI antibodies before (shaded curves) and 
after (open curves) PI-PLC treatment. {D) SDS/PAGE of affinity- 
purified three-domain scTCR. (E) Comparison of CI reactivity of 
three-domain scTCRs produced from eukaryotic (Euk) and prokary- 
otic (Prok) expression systems in a two-antibody ELISA. A plateau 
is reached because the amount of 0F1 attached to the plate became 
limiting. 

result of variable glycosylation; its polypeptide size calcu- 
lated from amino acid composition is 40 kDa. The structural 
integrity of the three-domain scTCR was verified by a two- 
antibody ELISA (Fig. 3£). The molecules were first captured 
by the jSFl antibody immobilized to the plate and then 
assessed for reactivity with the CI antibody. When compared, 
with the three-domain scTCR produced in a bacterial expres- 
sion system (unpublished work), the scTCR from the eukary- 
otic system gave 10-20 times higher CI reactivity. The 
purified three-domain scTCR was stable and could be stored 
in PBS at 4°C for months without significant loss of CI 
reactivity* 

Functional Characterization of a Chimeric Three-Domain 
scTCR. To directly assess the functional integrity of the 
three-domain scTCR, a self-signaling scTCR was produced 
by replacing: the GPI domain with the transmembrane and 
cytoplasmic domains of the CD3 £ chain. These regions have 
been shown to be sufficient for signal transduction when its 
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extracellular fusion partner is crosslinked by an antibody or 
by the proper ligand (8, 26, 27). To enable the recovery of 
three-domain scTCR as a soluble form, a linker containing a 
thrombin cleavage site was inserted into the junction of 
three-domain scTCR and the f domain. The construct 
(ABC-i) was transfected into BW" cells (28) and the rat 
basophilic leukemia cell line RBL-2H3 (RBL) (8), and the 
populations displaying high-level expression of three-domain 
scTCR were isolated by three rounds of cytofluorometric 
sorting using the antibody 0F1. The ABC-f-transfected cells 
were first stimulated with various antibodies to confirm the 
self-signaling nature of this recombinant molecule. The signal 
transduced upon the activation of the three-domain scTCR 
was measured as IL-2 production in B W" transfectants, 
whereas serotonin release was measured in RBL transfec- 
tants. Both transfectants showed a strong response following 
0F1 and CI stimulation but not to purified mouse immuno- 
globulin or anti-CD8 antibody used as controls (Fig. 4 A and 
B). The structural integrity of the scTCR was further exam- 
ined with the superantigen SEB, which binds to both V^17 



and MHC class II molecules, resulting in TCR crosslinking 
and T-cell activation regardless of the peptide bound to the 
MHC molecule (20, 29). ABC-f transfectants displayed a 
concentration-dependent response toward SEB (Fig. 4C) 
when the superantigen was presented by transformed B-cell 
lines with high-level expression of DR1 (DRA, DRB1*0101; 
cell line LG2) or DR2 (DRA, DRB 1*1602; cell line 9016). 
Thus, the lateral face of the TCR region to which SEB is 
thought to bind (30) is structurally intact. 

To prove that the three-domain scTCR did indeed recog- 
nize the MHC/peptide ligand, antigen presentation experi- 
ments using the natural ligand for the Hy.2H9 clone, 9016 
cells bearing the DRB1*1602 allele of DR2, and MBP-(85-99) 
peptide were performed. To ensure detection of subtle ab- 
normalities in the structure of the three-domain scTCR, 9009 
cells (DRA, DRB 1*1601), which also bind MBP-(85-99), 
were used as a control. DRBP1601 and DRB1U602 differ 
only at position 67 in the DR^l domain; this TCR contact- 
residue substitution does, however, abolish recognition of 
the peptide by the parent T-cell clone (ref. 18; K.W.W., 
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unpublished work). The ABC-f-transfected BW" cells se- 
creted IL-2 in response to peptide-puised 9016 cells, but not 
to peptide-puised 9009 cells (Fig. 4D). Similar results were 
obtained with RBL transfectants (Fig. 4E), as serotonin 
release was dependent on the concentration of the MBP 
peptide used to pulse 9016 cells. The signal appeared to be 
weak when compared with antibody stimulation. This is not 
surprising, however, since saturating amounts of antibodies 
are expected to crosslink the majority of TCR molecules on 
the target cell, whereas a much smaller fraction of TCR 
molecules is probably engaged when T cells are cocultured 
with peptide-puised antigen-presenting cells, in which a max- 
imum of 5-15% of the DR molecules bind the peptide. The 
requirement for a high concentration of peptide or SEB is not 
due to the sc design, since high concentrations of peptide are 
also needed to stimulate ap heterodimers of the TCR-f 
constructs (8). It is likely that the decrease in sensitivity 
results from the lack of CD3, CD4, and/or other adhesion/ 
signaling molecules. Nonetheless, these results demonstrate 
that the three-domain scTCR was correctly folded and func- 
tionally competent. In addition, a soluble form of three- 
domain scTCR could be obtained from the ABC-f transfec- 
tants by thrombin cleavage and affinity purification (data not 
shown). 

DISCUSSION 

A scTCR molecule was designed which contains the V 
domains of both a and p chains and the C domain of the /J 
chain. This scTCR molecule could be stably expressed at a 
high level in eukaryotic cells and could be isolated in a soluble 
form by enzymatic cleavage and affinity chromatography. 
The V a and domains appeared to be properly paired, since 
the scTCR bound to a conformation-dependent mAb, the 
superantigen SEB, and the proper MHC/peptide ligand. This 
design of scTCR offers an alternative to the two-chain design 
of soluble TCRs and has several advantages. (0 The sc design 
avoids the low-efficiency dimerization process which may be 
the limiting step in the assembly of TCR heterodimers from 
a and p subunits made in Escherichia colt. The sc design 
therefore allows efficient expression of the recombinant 
protein in quantities suitable for structural analysis and for 
some diagnostic or therapeutic applications. (if) The design 
avoids the problems associated with the unstable expression 
of the human TCR a chain that have hindered efficient 
expression of human TCR molecules in eukaryotic cells, (in) 
The sc design may allow the construction of TCR phage 
display libraries similar to those made for sc antibodies (28, 
31). scTCR phage libraries may be powerful tools for the 
isolation of TCRs with defined specificities and/or high 
affinity for selective targeting of malignant and virally in- 
fected cells and for analyzing the interactions among TCR, 
MHC/peptide complexes, and superantigens. 

Unlike antibodies, separately expressed V domains of TCR 
a and p chains have not been reconstituted to form het- 
erodimers (ref. 32; K. L. Hilyard, personal communication). 
However, despite this success in producing the three-domain 
scTCR, a two-domain scTCR with detectable CI reactivity 
could not be produced either in eukaryotic cells or in bacte- 
ria. The presence of the Cp domain (or part of the domain) 
may be required for the proper folding and/or stabilization of 
a scTCR molecule. In any event, the three-domain design 
provides a general means for the efficient production of 
functional scTCR molecules. 
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[57] ABSTRACT 

Filamentous phage comprising a matrix of cpVffl proteins 
encapsulating a genome encoding first and second polypep- 
tides of an antogenously assembling receptor, such as an 
antibody, and a receptor comprised of the first and second 
polypeptides surface-integrated into the matrix via a cpVTH 
membrane anchor domain fused to at least one of the 
polypeptides with a mutagenized CDR3 region. 
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SHINE-DALGARNO MET 

G G CCG CA A ATT CTATTTCA AGG AGACAGT CAT AATG 
CGTTTAAGATAAAGTTCCTCTGTCAGTATTAC 

LEADER SEQUENCE 

'AAATACCTATTGCCTACGGCAGCCGCT 
TTTATGGATAACGGATGCCGTCGGCGA 

LEADER SEQUENCE 



GGATTGTTATTACTCGCTGCCCAACCAG 
CCTAACAATAATGAGCGACGGGTTGGTC 



LINKER LINKER 
V H BACKBONE 



NCOI 



XHOI SPEI 



ccatggcccaggtgaaactg'ctcgagatttctagactagt 

GGTACCGGGTCCACTTTGACGAGCTCTAAAGATCTGATCA 



STOP LINKER 



TyrProTyrAspValProAspTyrAlaSer ; , 

TACCCGTACGACGTTCCGGACTACGGTTCTTAATAGAATTCG 
ATGGGCATGCTGCAAGGCCTGATGCCAAGAATTATCTTAAGCAGCT 



FIG. 3 
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1 2 

HETERODIMERIC RECEPTOR LIBRARIES signal is located at the amino terminus of the protein and 

USING PHAGEMIDS targets the protein at least to the cell membrane. The second 

domain is a membrane anchor domain that provides signals 
CROSS-REFERENCE TO RELATED for association with the host cell membrane and for asso- 

APPLlCXnON S ciation with the phage particle during assembly. This second 

signal for both cpVm and cpm comprises at least a hydro- 
This application is a continuation of U.S. patent applica- pj, OD ic region for spanning the membrane. 

*T ^O 7 / 8 . 26 ' 623 - ° n ° °Z cpVIE has been extensive* studied as a model membrane 

abandoned, which ^ a contmua "on-m-part of U£ patent ^ dn ^ usc it ^ integrate imo Upi d bilayers such as the 

apphcanon Ser. No 07/683 602. filed Apr 10. ^Un^ 10 ^ memhrailc m ^ asymmetric orientation with the acidic 

abandoneJ.thed.sclosuresofwmcharcherebyincorporated ^ ^ ^ c 

by reference. 

terminus toward the inside of the membrane. The mature 
This invention was made with government support under p rot ein is about 50 amino acid residues in length of which 
Grant No. CA 27489 awarded by the National Institutes of u provide me carboxy terminus. 19 residues pro- 
Health. 15 vide the hydrophobic transmembrane region, and the 

n remaining residues comprise the amino terminus. Consid- 

TECHNICAL FIELD CTaWc rcscafch y KCn done 0D lnc secretion signal region 

The present invention relates to cloning vectors and of cpVm to advance the study of membrane protein syn- 

methods for producing a library of DNA molecules capable thesis and targeting to membranes. However, tittle is known 

of expressing a fusion protein on the surface of a filamentous 20 about me changes that are tolerated in the structure of the 

phage particle. cpvm membrane anchor region that would allow for assem- 
bly of phage particles. 

BACKGROUND Manipulation of the sequence of cpin shows that the 

Filamentous bacteriophages are a group of related viruses C-terminal 23 amino acid residue stretch of hydrophobic 

that infect bacteria. They are termed filamentous because 23 amino acids normally responsible for a membrane anchor 

they are long and thin particles comprised of an elongated function can be altered in a variety of ways and retain the 

capsule that envelopes the deoxyribonucleic acid (DNA) capacity to associate with membranes. However, those 

thai forms the bacteriophage genome. TheFpili filamentous anchor-modified cpHI proteins lost mar ability to geneti- 

bacteriophage (Ff phage) infect only gram-negative bacteria „ cally complement gene HI mutants indicating that the 

by specifically adsorbing to the tip of F pili. and include fd. 30 requirements of a membrane anchor for functional assembly 

fl and M13. nave 001 becn elucidated. 

The mature capsule of Ff phage is comprised of a coat of Ff phage-based expression vectors have been described in 

five phage-encoded gene products: cpVUL the major coat which the entire cpHI amino acid residue sequence was 

protein product of gene Vffl that forms the bulk of the 35 modified by insertion of short polypeptide ■"epitopes 

capsule; and four minor coat proteins. q>m and cpIV at one [Parn^yetaL,G^ f 73 305-3 18 (1988); and Cwiriaetal.. 

end of the capsule and cpVTJ and cpDC at the other end of the Proc. Natl. Acad. ScL USA. 87:6378-6382 (1990)] or an 

capsule. TT l elengmofmecapsuleisformedby2500to3000 amino acid residue sequence defining a ^ham anti- 

copies of cpVm in an ordered helix array that forms the body domain. McCafferty et aL, Science, 348352-554 

characteristic filament structure. About five copies each of w (1990). These hybrid proteins were synthesized and 

the minor coat proteins are present at the ends of the capsule. assembled onto phage particles in amounts of about 5 copies 

The gene Hi-encoded protein (cplfl) is typically present in per particle, a density at which normal cpIH is usually found. 

4 to 6 copies at one end of the capsule and serves as the However, these expressed fusion proteins include the entire 

receptor for binding of the phage to its bacterial host in the cpm amino acid residue sequence and do not suggest fusion 

initial phase of infection. For detailed reviews of Ff phage 43 proteins that utilize only the carboxy terminal membrane 

structure, see Rasched et aL. Microbiol Rev^ 50:401^27 anchor domain of cpUL 

(1986); and Model et aL. in *The Bacteriophages, Volume In addition, no expression system has been described in 

Z*\ R. Calendar. Ed. Plenum Press, pp. 375-456 (1988). which a phage coat protein has been engineered to allow 

The assembly of a Ff phage particle involves highly assembly of a hetcromcric molecule that is functional and 

complex mechanics. No phage particles arc assembled 50 capable of incorporation into the coat of a phage particle, 

within a host cell; rather, they are assembled ^ during extru- BRIEF SUMMARY OF THE INVENTION 
sion of the viral genome through the host cell s membrane. 

Prior to extrusion, the major coat protein cpVUI and the A new. high density, surface-integration technology has 
minor coat protein cpHI arc synthesized and transported to been discovered for expressing a recombinant gene product 
the host cell's membrane. Both cpVUI and cpHI are 55 on the surface of a filamentous phage containing the recom- 
anchored in the host cell membrane prior to their incorpo- binant gene. The invention uses a filamentous phage cpVTH 
ration into the mature particle. In addition, the viral genome membrane anchor domain as a means for linking gene- 
is produced and coated with cpV protein. During the extru- product and gene during the assembly stage of filamentous 
sion process. cpV-coated genomic DNA is stripped of the phage replication. 

cpV coat and simultaneously recoated with the mature coat 60 That is, during filamentous phage replication, gene VTH- 

proteins. The assembly mechanisms that control transfexral encoded proteins assemble into a matrix which encapsulates 

of these proteins from the membrane to the particle is not the phage genome. It has now been discovered that (1) phage 

presently known. assembly is not disrupted when recombinant gene VTH- 

Both cpHI and cpVUJ proteins include two domains that encoded proteins are present (2) recombinant gene VTH- 

provide signals for assembly of the mature phage particle. 65 encoded proteins can be integrated into the assembling 

The first domain is a secretion signal that directs the newly matrix, and (3) integration into the matrix can be directed to 

synthesized protein to the host cell membrane. The secretion occur in a surface-accessible orientation. 
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The present invention can be advantageously applied to FIG. 3 illustrates the sequence of the double-stranded 

the production of heteromeric receptors of predetermined synthetic DNA inserted into Lambda Zap to produce a 

specificity, i.e.. it can be used to produce antibodies. T-celi Lambda Hc2 expression vector. The preparation of the 

receptors and the like that bind a preselected ligand. double- stranded synthetic DNA insert is described in 

Thus, the present invention provides for linking the func- 5 Example la(ii). The various features required for this vector 

tions of heteromeric receptor recognition and filamentous to express the V^oding DNA homologs include the Shine- 

phage replication in a method for isolating a heteromeric Dalgarno ribosome binding site, a leader sequence to direct 

receptor. The method produces a filamentous phage com- the expressed protein to the periplasm as described by 

prised of a matrix of gene Vm-encoded proteins that encap- Mouva et ah. J. Biol Cherry 255 :27. 1980. and various 

sulate a recombinant genome. The recombinant genome 10 restriction enryme sites used to operatively link the V w 

contains genes encoding the proteins of the heteromeric homologs to the expression vector. The V„ expression 

receptor proteins. The heteromeric receptor is surface- vector sequence also contains a short nucleic acid sequence 

integrated into the encapsulating matrix via a gene VHI- that codes for amino acids typically found in variable 

encoded membrane anchor domain that is fused by a peptide regions heavy chain (V„ Backbone). This V„ Backbone is 

bond during translation to one of the heteromeric receptor 15 just upstream and in the proper reading as the V w DNA 

proteins. The heteromeric receptor and the genes which homologs that are operatively linked into the Xho I and Spe 

encode it are physically linked during the assembly stage of I cloning sites. The sequences of the top and bottom strands 

the phage replication cycle. Specifically binding the of the double-stranded synthetic DNA insert are listed 

receptor-coated phage to a solid-support advantageously respectively as SEQ. ID. NO. 1 and SEQ. ID. NO. 2. The 

provides a means for isolating a recombinant genome that ^ synthetic DNA insert is directionaUy ligated into Lambda 

encodes a desired heteromeric receptor from a diverse Zap O digested with the restriction enzymes Not 1 and Xho 

library of recombinant genomes. I to form Lambda Hc2 expression vector. 

In one embodiment the present invention contemplates FIG. 4 illustrates the major features of the bacterial 

an antibody molecule comprising heavy- and light-chain expression vector Lambda Hc2 (V H expression vector). The 

proteins, said heavy-chain protein comprising a V„~ domain ^ synthetic DNA sequence from FIG. 3 is shown at the top 

flanked by an aniino-terminal prokaryotic secretion signal along with the T 3 polymerase promoter from Lambda Zap IL 

domain and a carboxy-terininal filamentous phage cpVUI The orientation of the insert in Lambda Zap H is shown. The 

membrane anchor domain, said light chain protein corapris- V„ DNA homologs are inserted into the Xho I and Spe I 

ing a V,-doniain fused to an amino- terminal prokaryotic cloning sites. The read through transcription produces the 

secretion signal domain. 30 decarxptide epitope (tag) that is located just 3* of the cloning 

In another embodimenL the present invention contem- sitc - 

plates a vector for expressing a fusion protein, said vector FIG. 5 illustrates the sequence of the double-stranded 

comprising a cassette that includes upstream and down- synthetic DNA inserted into Lambda Zap to produce a 

stream translatable DNA sequences operatively linked via a Lambda Lc2 expression vector. The various features 

sequence of nucleotides adapted for directional ligation of 35 required for this vector to express the V t -coding DNA 

an insert DNA. said upstream sequence encoding a prokary- homologs are described in FIG. 3. The V L -coding DNA 

otic secretion signal, said downstream sequence encoding a homologs are operatively linked into the Lc2 sequence at the 

filamentous phage gene cpVTH membrane anchor, said Sac I and Xho I restriction sites. The sequences of the top 

translatable DNA sequences operatively linked to a set of and bottom strands of the double-stranded synthetic DNA 

DNA expression signals for expression of said translatable 40 insert are listed respectively as SEQ. ID. NO. 3 and SEQ. ID. 

DNA sequences as portions of said fusion protein. NO. 4. The synthetic DNA insert is directionaUy ligated into 

_ Lambda Zap H digested with the restriction enzymes Sac I 

BRIEF DESCRIPTION OF THE DRAWINGS M(1 Not j£ fenn Lambda 1x2 expression vector. 

In the drawings forming a portion of this disclosure: pjQ $ illustrates the major features of the bacterial 

FIG. 1 illustrates a schematic diagram of the irnmunoglo- 45 expression vector Lc2 (V L expression vector). The synthetic 

bulin molecule showing the principal structural features. DNA sequence from FIG. 5 is shown at the top along with 

The circled area on the heavy chain represents the variable the T 3 polymerase promoter from Lambda Zap IL The 

region (V„), a polypeptide containing a biologically active orientation of the insert in Lambda Zap H is shown. The \ L 

(ligand binding) portion of that region, and a gene coding for DNA homologs are inserted into the Sac I and Xho I cloning 

that polypeptide, are produced by the methods of the present y, sitcs- 

invention. FIG. 7 illustrates the didstronic expression vector. 

FIG. 2Ais a diagrammatic sketch of a heavy (H) chain of pComb. in the form of a phagemid expression vector. To 

human IgG (IgGl subclass). Numbering is from the produce pComb. phagemids were first excised from the 

N -terminus on the left to the C-texminus on the right Note expression vectors. Lambda Hc2 and Lambda LcZ using an 

the presence of four domains, each containing an intrachain 55 | n vivo excision protocol according to manufacturers 

disulfide bond (S — S) spanning approximately 60 amino instructions (Stratagene, La Jolla. Calif.). The pComb 

acid residues. The symbol CHO stands for carbohydrate. expression vector is prepared from Lambda Hc2 and 

The V region of the heavy (H) chain (V w ) resembles V L in Lambda Lc2 which do not contain V ^coding or V^- coding 

having three hypervariablc CDR (not shown). DNA homologs. The in vivo excision protocol moved the 

FIG. 2B-1 is a diagrammatic sketch of a human light 60 cloned insert from the Lambda Hc2 and Lc2 vectors into a 

(Kappa) chain (Panel 1). Numbering is from the N-terrninus phagemid vector. The resultant phagemids contained the 

on the left to the C-terminus on the right. Note the intrachain same nucleotide sequences for antibody fragment cloning 
disulfide bond (S — S) spanning about the same number of and expression as did the parent vectors. Hc2 and Lc2 

amino acid residues in the V L and C L domains. phagemid expression vectors were separately restriction 

FIG. 2B-2 shows the locations of the complementarity- 65 digested with Sea I and EcoR L The linearized phagemids 

detennining regions (CDR) in the V A domain. Segments were ligated via the Sea I and EcoR I cohesive terrnini to 

outside the CDR are the framework segments (FR). form the dicistronic (combinatorial) vector, pComb.- 
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FIG 8 flustrates a schematic di^^ COOH refers to the free carboxy group present at the 

of pCBAK8-2b phagemid vector, the pathway for Fab carboxy terminus of a polypeptide, to keepmg 

assembly and incorporation in phage coat The vector carries £^f c cATzhmi)) 

the chloramphenicol acetyl transferase (CAT) marker gene 2433552-59 (1969) and adopted at 37 C .F.R. <^°XZ>X 

• J^*- * ^ .»«;h»» ^nlnrr, i-ncodino the 5 abbreviations for amino acid residues are shown in the 
in addition to the nucleotide residue sequences encoding me 5 f n/s ^^ n ^ nr ^ 

Fd-cpVin fusioo protein and the kappa chain. The f 1 phage following Table of Correspondence. 

origin of replication facilitates the generation of single rnDDPCPnMnFNfP 

stranded phagemid. The isopropyl thiogalactopyranoside TABLE OF CORRESPONDENCE 

(IFTG) induced expression of a dicistronic message encod- symbol 

ing the Fd-cpVIH fusion (V w . C m . cpVUI) and the light 10 

chain (V L . Q) leads to the formation of heavy and light 1 -Letter 3-Letter amino acid 

chains. Each chain is delivered to the periplasmic space by — — 
the pelB target sequence, which is subsequently cleaved. 
The heavy chain is anchored in the membrane by cpVLU 
fusion while the light chain is secreted into the periplasm. 15 
The heavy chain in the presence of light chain assembles to 
form Fab molecules. The Fabs are incorporated into phage 
particles via cpVUI (black dots). 

* FIG. 9 illustrates the electron micrographic localization of 
5-7 nm colloidal gold particles coated with NPN-BSA 20 
conjugate along the surface of filamentous phage, and from 
phage emerging from a bacterial cell. Panel 9A shows 
filamentous phage emerging from the surface of the bacterial 
cell specifically labelled with the colloidal gold particles 
coated with BSA-NPN antigen. Panel 9B shows a portion of & 
a mature filamentous phage on the length of which is 
exhibited the labelling of antigen binding sites. 

FIG. 10 illustrates the results of a two-site ELISA for 
assaying for the presence and function of Fab antibody ^ 
attached to the surface of bacteriophage particles as 
described in Example 4b. For expression of Fab antibody on 
phage surfaces. XL 1- Blue cells were transformed with the it should be noted that all amino acid residue sequences 
phagemid expression vector, pCBAK8-2b. The inducer. represented herein by formulae have a left-to-right orienta- 
isopropyl thiogalactopyranoside (IFTG). was admixed with ^ ti 0 n in the conventional direction of amino terminus to 
the bacterial suspension at a final concentration of 1 mM for carboxy terminus. In addition, the phrase "amino acid resi- 
one hour. Helper phage was then admixed with the bacterial due" is broadly defined to include the amino acids listed in 
suspension to initiate the generation of copies of the sense the Table of Correspondence and modified and unusual 
strand of the phagemid DNA. After a two hour maintenance amino acids, such as those listed in 37 C J.R. 1.822(b)(4). 
period, bacterial supematants containing bacteriophage par- ^ and incorporated herein by reference. Furthermore, it should 
ticles were collected for assaying in ELISA. be noted that a dash at the beginning or end of an amino acid 

Srjecific titrauble binding of NFN-Fab-expressing bacte- residue sequence indicates a peptide bond to a further 
riophage particles to NFN-coated plates was exhibited. No sequence of one or more amino acid residues or a covalent 
binding was detected with helper phage alone. bond to an arrnno-terminal group *u<* as NH 2 or acetyl or 

FIG 11 illustrates the inhibition of NPN-Fab expressing 45 "> * carboxy-terminal group such as COOH 
bacSc^e to NPN antigen-coated plates with the addi- Nudeotiae: ^ Q ^^^^ A ^ A ^^^ 
£nof basing amounts of free hapten. The assays were of a sugar moiety (pentose). a phosphate^ and a mtrogenous 
Ho^L ^LibedinHG. 10 Complete inhibition of heterocyclic base. The base to Ae sugar moiety 

Swas observed with 5 og of addedfree NPN hapten, the grycosidic carbon (1' carbon ^^^^^ 
. ™. combination of base and sugar is a nucleoside. When the 

FIG. 12 illustrates schemaUcally the process of 50 ^momau ^ g~ bonded to the 3' or 5 

mutagenizing the CDR3 region of a ^^ D _^^° t of mc pentose it is referred to as a nucleotide. A 

resulting in an alteration of £ of or^atively linked nucleotides is typically 

nucleotide primers are indicated by black bars. The process to ^ u / ^ scqucncc ~ -nucleotide 

is described in Example 6. ^ sequence", and their grammatical equivalents, and is repre- 

DETAILED DESCRIPTION OF THE sented herein by a formula whose left to right orientation is 

jjsrvTiNnON in the conventional direction of 5-tenninus to 3-terminus. 

Base Pair (bp) : A partnership of adenine (A) with thymine 

A. Definitions OT of cytosine (Q with guanine (G) in a double stranded 

Amino Add Residue: An amino acid formed upon cfaemi- « DNA molecule. In RNA. uracil (U) is substituted for thyra- 

cal digestion (hydrolysis) of a polypeptide at its peptide . 

Sucagfs The amine > arid residues described herein are Nucleic Acid: A polymer of nucleotides, either single or 

preferably in the "L" isomeric form. However, residues in double stranded. 

the "D n isomeric form can be substituted for any Uamino Polynucleotide: a polymer of single or double stranded 
acid residue as long as the desired functional property is 65 nucleotides. As used herein "polynucleotide* and gram- 
retained by the polypeptide. NH 2 refers to the free amino matical equivalents will include the full range of nucleic 
group present at the amino tenninus of a polypeptide. acids. A polynucleotide will typically refer to a nucleic and 
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molecule comprised of a linear strand of two or more 
deoxyribonucleo tides and/or ribonucleotides. The exact size 
will depend on many factors, which in turn depends on the 
ultimate conditions of use, as is well known in the art. The 
polynucleotides of the present invention include primers, 
probes. RNA/DNA segments, oligonucleotides or "oligos" 
(relatively short polynucleotides), genes, vectors, plasmids, 
and the like. 

Gene; A nucleic acid whose nucleotide sequence codes for 
an RNA or polypeptide. A gene can be cither RNA or DNA. 

Duplex DNA: a double-stranded nucleic acid molecule 
comprising two strands of substantially complementary 
polynucleotides held together by one or more hydrogen 
bonds between each of the complementary bases present in 
a base pair of the duplex. Because the nucleotides that form 
a base pair can be either a ribonucleotide base or a deox- 
yribonucleotide base, the phrase "duplex DNA** refers to 
either a DNA-DNA duplex comprising two DNA strands (ds 
DNA). or an RNA-DNA duplex comprising one DNA and 
one RNA strand. 

Complementary Bases: Nucleotides that normally pair up 
when DNA or RNA adopts a double stranded configuration. 

Complementary Nucleotide Sequence: A sequence of 
nucleotides in a single-stranded molecule of DNA or RNA 
mat is sufficiently complementary to that on another single 
strand to specifically hybridize to it with consequent hydro- 
gen bonding. 

Conserved: A nucleotide sequence is conserved with 
respect to a preselected (reference) sequence if it non- 
randomly hybridizes to an exact complement of the prese- 
lected sequence. 

Hybridization: The pairing of substantially complemen- 
tary nucleotide sequences (strands of nucleic acid) to form 
a duplex or heteroduplex by the establishment of hydrogen 
bonds between complementary base pairs. It is a specific, ie. 
non-random, interaction between two complementary poly- 
nucleotides that can be competitively inhibited. 

Nucleotide Analog: A purine or pyrimidine nucleotide 
that differs structurally from A. T. G. C. or U. but is 
sufficiently similar to substitute for the normal nucleotide in 
a nucleic acid molecule. 

DNA Homolog: Is a nucleic, acid having a preselected 
conserved nucleotide sequence and a sequence coding for a 
receptor capable of binding a preselected ligand. 

Recombinant DNA (rDNA) molecule: a DNA molecule 
produced by operatively linking two DNA segments. Thus, 
a recombinant DNA molecule is a hybrid DNA molecule 
comprising at least two nucleotide sequences not normally 
found together in nature. rDNA's not having a common 
biological origin- Le.. evolutionarily different, are said to be 
'"heterologous". 

Vector: a rDNA molecule capable of autonomous repli- 
cation in a cell and to which a DNA segment, eg,, gene or 
polynucleotide, can be operatively linked so as to bring 
about replication of the attached segment Vectors capable of 
directing the expression of genes encoding for one or more 
proteins are referred to herein as "expression vectors". 
Particularly important vectors allow cloning of cDNA 
(complementary DNA) from mRNAs produced using 
reverse transcriptase. 

Receptor. A receptor is a molecule, such as a protein, 
glycoprotein and the like, that can specifically (non- 
randomly) bind to another molecule. 

Antibody: The term antibody in its various grammatical 
forms is used herein to refer to immunoglobulin molecules 
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and immunologically active portions of immunoglobulin 
molecules. Lc.. molecules that contain an antibody combin- 
ing site or paratope. Exemplary antibody molecules are 
intact immunoglobulin molecules, substantially intact 
5 immunoglobulin molecules and portions of an immunoglo- 
bulin molecule, including those portions known in the art as 
Fab. Fab*. F(ab') 2 and F(v). 

Antibody Combining Site: An antibody combining site is 
that structural portion of an antibody molecule comprised of 
1° a heavy and light chain variable and hypervariable regions 
that specifically binds (immunoreacts with) an antigen. The 
term immunoreact in its various forms means specific bind- 
ing between an antigenic determinant-containing molecule 
and a molecule containing an antibody combining site such 
15 as a whole antibody molecule or a portion thereof. 

Monoclonal Antibody: The phrase monoclonal antibody 
in its various grammatical forms refers to a population of 
antibody molecules that contains only one species of anti- 
body combining site capable of immunoreacting with a 
20 particular antigen. A monoclonal antibody thus typically 
displays a single binding affinity for any antigen with which 
it immunoreacts. A monoclonal antibody may therefore 
contain an antibody molecule having a plurality of antibody 
combining sites, each immunospecific for a different 
25 antigen, e.g.. a bispecific monoclonal antibody. 

Fusion Protein: A protein comprised of at least two 
polypeptides and a linking sequence to operatively link the 
two polypeptides into one continuous polypeptide. The two 
30 polypeptides linked in a fusion protein are typically derived 
from two independent sources, and therefore a fusion pro- 
tein comprises two linked polypeptides not normally found 
linked in nature. 

Upstream: In the direction opposite to the direction of 
35 DNA transcription, and therefore going from 5' to 3' on the 
non-coding strand, or 3* to 5* on the mRNA. 

Downstream: Further along a DNA sequence in the direc- 
tion of sequence transcription or read out that is traveling In 
a J- to 5'-direction along the non-coding strand of the DNA 
40 or 5'- to 3 -direction along the RNA transcript. 

Cistron: Sequence of nucleotides in a DNA molecule 
coding for an amino acid residue sequence and including 
upstream and downstream DNA expression control ele- 
ments. 

43 Stop Codon: Any of three codons that do not code for an 
amino acid, but instead cause termination of protein syn- 
thesis. They are UAG. UAA and UGA and are also referred 
to as a nonsense or termination codon. 

Leader Polypeptide: A short length of amino acid 
sequence at the amino end of a protein, which carries or 
directs the protein through the inner membrane and so 
ensures its eventual secretion into the periplasmic space and 
perhaps beyond. The leader sequence peptide is commonly 
J5 removed before the protein becomes active. 

Reading Frame: Particular sequence of contiguous nucle- 
otide triplets (codons) employed in translation. The reading 
frame depends on the location of the translation initiation 
codon. 

60 B. Filamentous Phage 

The present invention contemplates a filamentous phage 
comprising a matrix of cpVUJ proteins encapsulating a 
genome encoding first and second polypeptides. The phage 
65 further comprises a heteromeric receptor comprised of the 
first and second polypeptides surface-integrated into the 
matrix Yia a cpVTU membrane anchor domain fused to at 
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leasi one of the first or second polypeptides. Preferably, the sequences or segments have been covalently joined into one 

first and second polypeptides are V H and proteins. shard of DNA, whether in single or double stranded form, 

respectively. The choice of vector to which a cassette of this invention 

The first and second polypeptides are capable of autog- j s operativety linked depends directly, as is well known in 

enous assembly into a functional receptor, which is 5 the art. on the functional properties desired, eg., vector 

expressed on the outer surface in a manner accessible to replication and protein expression, and the host cell to be 

ligand. i.e. they are surface-integrated into the phage. transformed, these being limitations inherent in the art of 

Typically, the receptor is comprised of a linking polypeptide constructing recombinant DNA molecules, 

that contains the cpVffl membrane anchor domain, such as ^ efcmd cmbodimcn ts. the vector utilized includes a 

a polypeptide described in Section C. and a non-linking 10 p ro j cai y 0t i c re pUcon Le.. a DNA sequence haying the ability 

polypeptide^). t0 < j| rect au tonomous replication and maintenance of the 

Because the receptor is linked to the phage in a surface recombinant DNA molecule extra chromosomally in a 

accessible manner, the phage can be advantageously used as p&nyeHc host cell, such as a bacterial host cell, trans- 

a solid-phase affinity sorbent In preferred embodiments, the foimed therewith. Such replicons are well known in the art 

phage are linked, preferably removably linked, to a solid i5 ^ addilioiu mosc embodiments that include a prokaryotic 

(aqueous insoluble) matrix such as agarose, cellulose, syn- rc plicon also include a gene whose expression confers a 

thetic reins, polysaccharides and the like. For example, selective advantage, such as drug resistance, to a bacterial 

transformants shedding the phage can be applied to and host ^^fon^ therewith. Typical bacterial drug resistance 

retained in a column and maintained under conditions that gcne$ m mosc ±at resistance to ampicillin or 

support shedding of the phage. An aqueous composition 20 tetracycline. Vectors typically also contain convenient 

containing a ligand that binds to the receptor expressed by restriction sites for insertion of translatable DNA sequences, 

the phage is then passed through the column at a predeter- Exemplary vectors are the plasmids pUC8. pUC9, pBR322. 

mined rate and under receptor-binding conditions to form a anrf pBR3 29 available from BioRad Laboratories, 

solid-phase receptor-ligand complex. The column is then (Richm01ji Calif.) and pPL and pKK223 available from 

washed to remove unbound material, leaving the ligand 25 Pharmacia. (Piscataway. N.J.). 

bound to the solid-phase phage. The ligand can then be A sequence of nucleotides adapted for directional ligation, 

removed and recovered by washing the column with a buffer a rolylinker. is a region of the DNA expression vector 

that promotes dissociation of the receptor-Ugand complex. ^ hoks for replication and transport the 

Alternatively, purified phage can be admixed with a upstream ^ downstream translatable DNA sequences and 

aqueous solution containing the ligand to be affinity purified. 30 p) provides a site or means for directional ligation of a DNA 

The receptor/ligand binding reaction admixture thus formed scqucncc into the vector. Typically, a directional polylinker 

is maintained for a time period and under binding conditions Js ^ 0 f nucleotides that defines two or more 

sufficient for a phage-linked receptor-Ugand complex to rcstrictioo endonudease recognition sequences, or restric- 

form. The phage-bound ligand (ligand-beanng phage) are tion Upol i restriction cleavage, the two sites yield 

then separated and recovered from the unbound materials. 35 trTTn f ni to whicn a translatable DNA sequence can 

such as by centrifugation. electrophoresis, precipitation, and ^ Hgated to &c DNA vector. Preferably, the two 

the like. restriction sites provide, upon restriction cleavage, cohesive 

C DNA Expression Vectors termini that are non-complementary and thereby permit 

A vector of the fwsent invention is a recombinant DNA m ^aiowd ksertion of a 

(rDN^mdccule adapted for receiving and expressing cassette. In one embodiment, the mrectoonal hgation means 

^L^As^Ss in the form !f a fusion^roteiS is provided by nucleotides present «*^~~J^ 

containing a filamentous phage gene VTU membrane anchor able DNA sequence, downstream tt"*^*™* 

wu 6 r . 0 0 . . . sentience or both In another embodiment the sequence ot 

domain and a prokaryotic secretion signal domain. The sequence, or com. in aaouicr ]~™ . J: . 

ve^cornr^sra^sette that includes upstream and 45 nucleotides adapted for direcUonal hgauon co^ a 

o^streaXnslatable DNA sequences operatively linked 45 sequence of nucleotides that defmes mu^le d^onal 

vTaa sequence of nucleotides adapted fo/directional liga- cloning means Where Ae sequence of w*^*^ 

tion ATupstream translatable sequence encodes the secre- for <&ectional ligation defines numerous restnction sites, it 

tion signal The downstream translatable sequence encodes » «f«red to as a multiple cloning site, 

the filamentous phage membrane anchor. The cassette pref- ^ A translatable DNA sequence is a linear series of nucle- 

erabiy includes DNA expression control sequences for otides that provide an uninterrupted series of at least 8 

expressing the fusion protein that is produced when a codons that encode a polypeptide in one reading frame, 

translatable DNA sequence is directionally inserted into the An upstream translatable DNA sequence encodes a 

cassette via the sequence of nucleotides adapted for direc- prokaryotic secretion signal. The secretion signal is a leader 

tional ligation. 55 peptide domain of protein that targets the protein to the 

An expression vector is characterized as being capable of periplasmic membrane of gram negative bacteria, 

expressing, in a compatible host a structural gene product A preferred secretion signal is a pelB secretion signal. The 

such as a fusion protein of the present invention. predicted amino acid residue sequences of the secretion 

As used herein, the term "vector** refers to a nucleic acid signal domain from two pelB gene product variants from 

molecule capable of transporting between different genetic 60 Erwinia carotova are shown in Table 1 as described by LeL 

environments another nucleic acid to which it has been et ai. Nature, 331:543-546 ( 1988). A particularly preferred 

opera trvely linked. Preferred vectors are those capable of pelB secretion signal is also shown in Table 1. 

autonomous replication and expression of structural gene The leader sequence of the pelB protein has previously 

products present in the DNA segments to which they are been used as a secretion signal for fusion proteins. Better et 

operatively linked. 65 aL.Srfence, 240:1041-1043 (1988); Sastryet al../>roc. Nazi 

As used herein with regard to DNA sequences or Acad ScL USA, 86:5728-5732 (1989); and Mullinax et al.. 

segments, the phrase "operatively linked* means the Prvc. Natl Acad. Set. USA, 87:8095-8099(1990). 
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Amino acid residue sequences for other secretion signal 
polypeptide domains frornE. coli useful in this invention are 
also listed in Table 1. Oliver. In Neidhard. R C. (ed.). 
Escherichia cols and Salmonella Typhimurium. American 
Society for Microbiology. Washington. D.C, 1:56-69 
(1987). 

A translatable DNA sequence encoding the pelB secretion 
signal having the ami do acid residue sequence shown in 
SEQ. ID. NO. 5 is a preferred DNA sequence for inclusion 
in a DNA expression vector of 

TABLE 1 
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SEQ. 
ID. NO. 
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FelB' 


(6) 


MB* 


(7) 


PcIB J 


(8) 


MaS 4 


<9> 


OmpF* 


(10) 


PboA* 


("> 


Bla* 


(12) 


LamB 4 
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Lpp* 


(14) 


cpvm 9 


(15) 


cpm* 
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Ammo Acid Residue Sequence 
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MetLysTyd^uLeuProThrAlaAiaAl^yLcuLeu 

LcuLeuAlaAlaGlnPloAJaMcl 

MetLysTytLeuLcuPrcThrAlaAlaAl aGlyLeuLeu 

IxuLcuAJaAJaGlnProAlaGlnPiaAJaMet^ 

MetLysSedxuIklhiProIkAlaAlflGlyLe^i^u 

UniAiaPbeSciGtnlVrSciLeuAis 

^^ysOcLysthfGtyAlaArsDcLeuAlaUii^ 

AlaLeuThrThrMrtMeU^SerAlaSerAlaUuAla 

LyrsDe 

MctMctLysArgAsalkLeuAJaV^ValProAia 

LcuI^ValAlaGtyThrAlaAsoAiaAlaGlu 

MetLysGliiScrT^IkAlaLciL^IaL«ilxuPnI^ 

IruRKTlBpioVarrhxLysAlaArg'Ilir 

MetSerl^lnHisPbeArgValAlid^euIkPro^ 

RjeAhAlaPheCysLeuProVaim 

MetMetDeTfarLeiiAisLysLcupK^jeu^ 

\UAlaAlaGlyVUMetSexAl^laAlaMetAla^l 

Asp 

MelLysMaT^yslxiiVattxuGlyAlaVallkLett 

GtySerThfLeuLeuAlaGlyCysSer 

MetLyd-yiSed^V^uLysAi*ScrValAi»Val 

AlaTluLciiValProMel^niSerPbeAla 

MeiyiysLeuLeuPheAJaDePTolxa^ferVal^ 

PhciyrSerHjsSer 
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this invention. 

A downstream translatable DNA sequence encodes a 
filamentous phage membrane anchor. Preferred membrane 
anchors are obtainable from filamentous phage M13. f 1. fd, 
and the like. Preferred membrane anchor domains are found 
in the coat proteins encoded by gene EI and gene VUL Thus, 
a downstream translatable DNA sequence encodes an amino 
acid residue sequence that corresponds, and preferably is 50 
identical* to the membrane anchor domain of either a fila- 
mentous phage gene HI or gene VHI coat protein. 

The membrane anchor domain of a filamentous phage 
coat protein is the carboxy terminal region ,of the coat 
protein and includes a region of hydrophobic amino acid 
residues for spanning a lipid bflaycr membrane, and a region 
of charged amino acid residues normally found at the 
cytoplasmic face of the membrane and extending away from 
the membrane. In the phage fl. gene VIII coat protein's 
membrane spanning region comprises residue Trp-26 
through Lys-40. and the cytoplasmic region comprises the 
carboxy- terminal 1 1 residues from 4 1 to 52. Ohkawa et aL, 
J. Biol Chem.. 256:9951-9958 (1981). 

The amino acid residue sequence of a preferred mem- 
brane anchor domain derived from the M13 filamentous 
phage gene UI coat protein (also designated cpIU) has a 
sequence shown in SEQ. ID. NO. 16 from residue 1 to 



residue 211. Gene III coat protein is present on a mature 
filamentous phage at one end of the phage particle with 
typically about 4 to 6 copies of the coat protein. 

The amino acid residue sequence of a preferred mem- 
brane anchor domain derived from the M 13 filamentous 
phage gene Vm coat protein (also designated cpVUI) has a 
sequence shown in SEQ. ID. NO. 17 from residue 1 to 
residue 50. Gene VTTJ coat protein is present on a mature 
filamentous phage over the majority of the phage particle 
with typically about 2500 to 3000 copies of the coat protein. 

For detailed descriptions of the structure of filamentous 
phage particles, their coat proteins and particle assembly, see 
the reviews by Rached et aL Microbiol Rev^, 50:401-427 
(1986); and Model et aL. in 4 The Bacteriophages: Vol 2". R. 
Calendar, ed. Plenum Publishing Co.. pp. 375^56. (1988). 

A cassette in a DNA expression vector of this invention is 
the region of the vector that forms, upon insertion of a 
translatable DNA sequence, a sequence of nucleotides 
capable of expressing, in an appropriate host a fusion 
protein of this invention. The expression-competent 
sequence of nucleotides is referred to as a cistron. Thus, the 
cassette comprises DNA expression control elements opera- 
tively linked to the upstream and downstream translatable 
DNA sequences. A cistron is formed when a translatable 
DNA sequence is directionally inserted (directionally 
ligated) between the upstream and downstream sequences 
via the sequence of nucleotides adapted for that purpose. 
The resulting three translatable DNA sequences, namely the 
upstream, the inserted and the downstream sequences, are all 
operativeiy linked in the same reading frame. 

DNA expression control sequences comprise a set of 
DNA expression signals for expressing a structural gene 
product and include both 5" and 3* elements, as is well 
known, operativeiy linked to the cistron such that the cistron 
is able to express a structural gene product. The 5* control 
sequences define a promoter for initiating transcription and 
a ribosome binding site operativeiy linked at the 5* terminus 
of the upstream translatable DNA sequence. 

To achieve high levels of gene expression in £1 coli . it is 
necessary to use not only strong promoters to generate large 
quantities of mRNA. but also ribosome binding sites to 
40 ensure that the mRNA is efficiently translated. In E. coli. the 
ribosome binding site includes an initiation codon (AUG) 
and a sequence 3-9 nucleotides long located 3-11 nucle- 
otides upstream from the initiation codon [Shine et aL, 
Nature, 25434 (1975)] The sequence. AGGAGGU. which is 
called the Shine-Dai garoo (SD) sequence, is complementary 
to the 3' end of E. coli 16S mRNA. Binding of the ribosome 
to mRNA and the sequence at the 3* end of the mRNA can 
be affected by several factors: 

(i) The degree of complementarity between the SD 

sequence and 3' end of the 16S tRNA. 
(Ii) The spacing and possibly the DNA sequence lying ' 
between the SD sequence and the AUG [Roberts et aL 
Proc. Natl Acad. Sci. USA 76:760 (1979a); Roberts et 
aL, Proc. NatL Acad. ScL USA, 76:5596 (1979b); 
Guarente et al.. Science, 209:1428 (1980); and 
Guarente et aL. Cell, 20:543 (1980).] Optimization is 
achieved by measuring the level of expression of genes 
in plasrnids in which this spacing is systematically 
altered. Comparison of different mRNAs shows that 
there are statistically preferred sequences from posi- 
tions -20 to +13 (where the A of the AUG is position 
0) [Gold et aL. A/in*. Rev. Microbial, 35:365 (1981)]. 
Leader sequences have been shown to influence trans- 
lation dramatically (Roberts et aL, 1979 a, b supra), 
(iii) The nucleotide sequence following the AUG. which 
affects ribosome binding [Taniguchi et aL. J. MoL BioL, 
118:533 (1978)]. 
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Useful ribosomebiDding sites arc showo in Tabic 2 below. replication. Particularly preferred is a filamentous phage 

origin of replication having a sequence shown in SEQ. ID. 
TABLE 2 NO. 117 and described by Short et al.. NucL Acids Res^ 

. ■ 16:7583-7600 (1988). Preferred DNA expression vectors 

Ribosome B ^rf?n ff sites* 5 m the dicistTonic expression vectors pCOMB8 and 

pCOMB3 described in Example lb(i) and lb(ii). respec- 
tively. 



SEQ. 
ID. NO. 



1. (18) 5-AAUCxnjGCAGGajuiAAnj^^injonj^ D. Polypeptides 

2 (19} 5* UAACOJAAGGAUGAAAlKXAyULTCUAAGACA . 

3. (20) 5' ucc uAGGAGGU UUGACCUArocGAGCUUUU 10 In another embodiment, the present invention contem- 
4! (21) y AUGUACUAAGOAGGUUGUAUGQAACAACGC plates a polypeptide comprising an insert domain flanked by 
t . . , . r7T7 an ammMerniinal secretion signal domain and a carboxy- 

•Seq«nccs of fattta regions for pcote* sjmibes* m four phage mRNA ^ mamcntous ^ ^ ^ mem brane anchor 

molecules are imdnlirmd. . T " 

AUG = initiation cocVm (double underlined) domain. 

1. = Phage «xi7« gene-A proiein is preferably, the polypeptide is a fusioo protein having a 

lZ%£>l5ltZZt*»* rece P ,or domain com P riscd of an . add residue 

4. = Phage lambda grre-OT protein sequence that defines the ligand binding domain of a recep- 

, . . tor protein positioned between a prokaryotic secretion signal 

Tie 3' control sequences define at least one tmmnanon ^ ^ vm-encoded (cpVUT) membrane anchor 

(stop) codon in frame wdh and linked ,0 the M gn»» ^ ^^^e receptor protein is a 

- lK5l555!^ Provides polypeptide chain of a heteroclimeric receptor. Insofar as the 

a Stem 'tSnSS fransiltable DNA sequences into me polypeptide has a receptor domauuiT is abc. referred to 

ca^portion oTtoe vectorto produce a cistron capable of herein as a receptor. In other preferred emboduuents the 

expressing^ fusion protein of this invention. secretion signal domain is a pdB secretion signal as 

In preferred embodiments, a DNA expression vector described herein, 

provides a system for independently cloning two translatable Preferred heterodimeric receptors include 

DNA sequences into two separate cassettes present in the immunoglobulins, major histocompatibility antigens of 

vector, to form two separate ristrons for expressing both C ^ 2SS 1 or IL lymphocyte receptors, in tc grins and the like 

polypeptides of a heterodimeric receptor, or the ligand heterodimeric receptors. 

binding portions of die polypeptides that comprise a .net- » m one embodiment, a polyrx?ti<le of to invention has an 

erodimeric receptor. The DNA ertorfor ^ sequenced can be represented by the 

expressmg two ctstrons is referred to as a chestrorue expres- ^ ^ ^ ^ (o carboxy 

sion vector. . 

Thus, a preferred DNA expression vector of this invention terminus: 

comprises, in addition to the cassette previously described in 35 nij-o-^— v-Wl— Z-COOH, (Fi) 
detail, a second cassette for expressing a second fusion 

protein. The second cassette includes a third translatable where O represents an amino acid residue sequence defining 

DNA sequence that encodes a secretion signal, as defined a secretion signal. U represents a first spacer polypeptide, V 

herein before, operatively linked at its 3' terminus via a represents an amino acid residue sequence defining a recep- 

sequence of nucleotides adapted for directional ligation to a ^ tor domain, X represents a second spacer polypeptide, and Z 

downstream DNA sequence defining at least one stop codon. represents an amino acid residue sequence defining a fila- 

Tne third translatable DNA sequence is operatively linked at mcmous p hage protein membrane anchor, with the 

its 5* terminus to DNA expression control sequences forming that m is the integer 0 or 1 such that when m is O. 

the 5' elements defined above The second cassette is visQOt mscnV and when m is 1. U is present and n is 0 

capable, upon insertion of a translatable DNA sequence, of ^ ^ { mat n ^ q. X is not present and when n is 

expressing the second fusion protein. . . 

^^^ ieai} ?^ t ?T,t:T^ a f^f i i ime^to(Fl).mes«Tetionrig«ialandthefilamen- 

designed for convenient manipulation in the form 01 a ******* v /* ©-\ . 

Sn7ous%hTer!^d to the teachings of the tons phage coat protein membrane anefcorareas defined 

Sat^veS Ks emb<>dinint a DNAeTpression herein above. Particularly preferred * a rx)lype£ide accord. 

S S sequence that £fines a 50 ing to formula (Fl) where Z defines the genej^ membrane 

filamentous phage origin of reputation such that the vector. anchor as described herein. In aiwther preferred embocli- 

upon presentation of the appropriate genetic ment the secretion signal is the pelB secretion signal, 

complementation, can replicate as a filamentous phage in In one embodiment. V is an amino acid residue sequence 

single stranded replicative form and be packaged into fila- that defines the ligand binding domain of a chain of a 

mentousprugepartides.Thisfeaftireprovia^ 53 heterc>dimeric receptor molecule, and preferably is an lramu- 

the DNA expression vector to be packaged into phage noglobulin variable region polypeptide. In a particularly 

particles for subsequent segregation of the particle, and preferred polypeptide V is a V„ or V L polypeptide. Most 

vector contained therein, away from other particles that preferred is a polypeptide where V is an immunoglobulin V H 

comprise a population of phage particles. polypeptide, and m and n are both zero. 

A filamentous phage origin of replication is a region of the 60 In another enibodimcnt. U or X can define a proteolytic 
phage genome, as is well known, that defines sites for cleavage site, such as the sequence of amino acids found in 

initiation of replication, termination of replication and pack- a precursor protein, such as prothrombin, factor X and the 
aging of the replicative form produced by replication. See. like, that defines the site of cleavage of the protein. A fusion 
for example, Rasched et aL. Microbiol Re*, 50:401-427 protein having a cleavage site provides a means to purify the 

(1986); and Horiuchi. 7. Mot Bioi, 188215-223 (1986). 63 protein away from the phage particle to which it is attached. 

A preferred filarnentous phage crigm^ The polypeptide spacers U and X can each have any 
in the present invention is a M 13. f 1 or fd phage origin of sequence of arnino acid residues of from about 1 to 6 amino 
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as si's? *. . « £ t ttS£nr±ffs?£?£?& as 

duced by the methods disclosed herein usug a DNA exprcs- 

sion vector of *is invention, s about 230 amino acid residues in length while V L wiU be 

A receptor of the present invention assumes a conform* ^ ^ 95 to M 214 amino acid rcsidues ta lcDgth . 
tion having a binding site specific for. as evidenced by its y ^ y sufficiently i ong t0 form Fabs are pre- 

ability to be competitively inhibited, a preselected or pre- 

determined ligand such as an antigen, enzymatic substrate ^ add residuc sequences will vary widely, 

and the like. In one embodiment, a receptorof this invention 10 dcpcnding lspoa mc particular idiotype involved. Usually, 
is a ligand binding polypeptide that forms an antigen binding ^ m wiU ^ ^ lcast two cysteines separated by from about 
site which specifically binds to a preselected antigen to form ^ to 75 ac i<i residues and joined by a disulfide bond, 
a complex having a sufficiently strong binding between the Thc polypeptides produced by the subject invention will 
antigen and the binding site for the complex to be isolated. norma rj y ^ substantial copies of idiotypes of the variable 
When the receptor is an antigen binding polypeptide its 15 rcgions of tne heavy and/or light chains of 
affinity or avidity is generally greater than 10 5 M more immunoglobulins, but in some situations a polypeptide may 
usually greater than 10 6 and preferably greater than l(r M~ . conUul random mutations in amino acid residue sequences 

In another embodiment a receptor of the subject inven- ^ ofdcr to advantageously improve the desired activity, 
tion binds a substrate and catalyzes the formation of a ^ situatioDS it is desirable to provide for covalent 
product from the substrate. While the topology of the ligand 20 crQss nnkilIg of mc y H and V t polypeptides, which can be 
binding site of a catalytic receptor is probably more impor- accomplished by providing cysteine resides at the carboxyl 
taut for its preselected activity man its affinity (association tcrmini . The polypeptide will normally be prepared free of 
constant or pKa) for the substrate, the subject catalytic ^ immunoglobulin constant regions, however a small 
receptors have an association constant for the preselected 0 f the J region may be included as a result of the 

substrate generally greater than 10 3 M"~ . more usually 25 advantagcous selection of DNA synthesis primers. The D 
greater than 10 3 M" 1 or 10 6 M" 1 and preferably greater than r ^ oa ^ normally ^ j^ded in the transcript of the V„. 
10 7 M -1 . Typically the C terminus region of the V„ and 

Preferably the receptor produced by thc subject invenuon polypeptides wOl have a greater variety of sequences than 
is heterwlimeric and is therefore normally comprised of two ^ N tcnQiQUS ^ ^d on the present strategy, can be 
different polypeptide chains, which together assume a con- 30 fu ^ hcr moa jfied to permit a variation of the normally 
formation having a binding affinity, or association constant occurrijl g v „ and V L chains. A synthetic polynucleotide can 
for the preselected ligand that is different preferably higher. ^ cmploycd to vary one or more amino acid in a hyper- 
man the affinity or association constant of either of the variablc reg ion. 

polypeptides alone, i.e.. as monomers. One or both of the ^ embodiment, the invention contemplates a 

different polypeptide chains is derived from the variable 35 hctcn>dimcric receptor molecule comprised of two polypep- 
region of the light and heavy chains of an immunoglobulin. Ude ^ lcast ODC of which is a polypeptide of this 

TypicaUy. polypeptides comprising the light (VJ and heavy invcnlion . Preferably, thc polypeptide comprises a receptor 
(V„) variable regions are employed together for binding the domain derived from an immunoglobulin variable chain, 
preselected ligand. more preferably a V> More preferred is a heterodimeric 

A receptor produced by the subject invention can be 40 rcceptor comprising receptor domains from both V„ and V 
active in monomelic as well as multimeric forms, either cna i ns> 

homomeric or heteromeric preferably heterodimeric. For *' . 

example. V;, and V,. ligand binding polypeptide produced E. Methods for Producing a Library 

bv the present invention can be advantageously combined in 1. General Rationale 

Se he^mw to modulate me Activity of either or to 45 In one einbodiment the present invenuon provides 
produce an activity unique to the heterodimer. system for the simultaneous cloning and screening of pre- 

The individual Ugand polypeptides wfll be referred to as selected ligand-binding specificities from gciic repertoires 
V„ and V. and thehetero^%vill be referred to as a Fv. using a single vector system. Tmssystem provide ; linkage 
However.it should be understood that a V„ may contain in of cloning and screening methodologies and has two 
addition to the V w . substantially all or a portion of the heavy 50 requirements. First, that expression of the polypeptide 
chain constant region. Similarly, a V L may contain, in . chains of a heterwlimeric receptor in an ^ vitro oppression 
addition to the V L substantially ail or a portion of the light host such as E. coii requires ^^^J^J^ 
chain constant region. A heterodimer comprised of a V M polypeptide chains in order that a mncUonal heteroo^enc 
containing a portion of the heavy chain constant region and receptor can assemble to produce a receptor that binds 
a V, confining substantially ail of the light chain constant 55 Ugand, Second, that screening of isolated members of die 
rede* is 3 a Fab fragment. THe production of Fab can library fox a preselected Ugand-binding capacity requires a 
be advantageous in some situations because the additional means to correlate the binding capacity of an expressed 
constant rerionsequences contained in a Fab as compared to . receptor molecule with a convenient means to isolate the 
a Fv can stabilize the V„ and W L interaction. Such stabili- gene that encodes the member from the library, 
ration can cause the Fab to have higher affinity for antigen. 60 Linkage of expression and screening is accomphsbed by 
In addition the Fab is more commonly used in the art and the combination of targeting of a fusion I^teiii uito the 
thus there are more commercial antibodies available to periplasm of a bacterial cell to aUow assembly of a runc- 
specifically recognize a Fab in screening procedures, tional receptor, and the targeung of a toe* protein onto Ae 

The indiWduai V„ and V,. polypeptides can be produced coat of a filamentous phage pamde c^g phage assembly 
in lengths equal to or substantially equal to their naturaUy 65 to allow for convenient screening of ^e library inember of 
occurring lengths. However, in preferred embodiments, the interest. Periplasm* targeting is provided by the presence of 
V and V L polypeptides will generally have fewer than 125 a secretion signal domain in a fusion protein of this inven- 
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lion. Targeting to a phage particle is provided by the A gene can be identified as belonging to a repertoire of 

presence of a filamentous phage coat protein membrane conserved genes using several methods. For example, an 

anchor domain in a fusion protein of this invention. isolated gene may be used as a hybridization probe under 

The present invention describes in one embodiment a low stringency conditions to detect other members of the 

method for producing a library of DNA molecules, each 5 repertoire of conserved genes present in genomic DNA 

DNA molecule comprising a cistron for expressing a fusion us i D g the methods described by Southern, J. Mol BioU 

protein on the surface of a filamentous phage particle. Ilie 98:503 (1975). If the gene used as a hybridization probe 

method comprises the steps of (a) forming a ligation admix- hybridizes to multiple restriction endonuclease fragments of 

ture by combining in a ligation buffer (i) a repertoire of ^ g cnomC- ma t gene is a member of a repertoire of 

polypeptide encoding genes and (ii) a plurality of DNA JQ conscrvc d genes, 

expression vectors in linear form adapted to form a fusion immunoglobulins 

protein expressing cistron. and (b) subjecting the admixture ^ immunoglobulins, or antibody molecules, are a large 

to ligation conditions for a time period sufficient for the f of molccu]cs mat includc ^ml ^ 0 f molecules, 

repertoire of genes to become operatively linked (Iigated) to ^ ^ ^ and JgE Thc antibody molecule 

the plurality of vectors to form the library comprised of two heavy (H) and light (L) chains 

_ to this embodiments^ wi^both a vaSble W and constant (Q region present on 

ing genes are in the form of double-stranded (ds) DNA and W1 ™ 7 , h * ;„ Fin 1 Wmaiir diagrams of 

each member of the repertoire has cohesive termini adapted each chain as shown in FIG. 1. Schematic Aagrams of 

for Sonal ligatioTln addition, the plurality of DNA human IgG heavy chain and human kappa Ught chain are 

exSon vectc^ are each linear DNA molecules having shown in FIGS. 2A and 2B respectively. Several different 

upstream and downstream cohesive termini that are (a) 20 regions of an immunoglobulm contain conserved sequences 

adapted for directionally receiving the polypeptide genes in useful for isolating an immunoglobulin repertoire. Extensive 

a common reading frame, and (b) operatively linked to amino acid and nucleic acid _ sequence data <hsplaymg exem- 

respective upstream and downstream translatable DNA plary conserved sequences is compiled for inimiwogl<>bulin 

sequences. The upstream translatable DNA sequence molecules by Rabat et al., in Sequences of Protems of 

encodes a secretion signal, preferably a pelB secretion 25 Immunological Interest. National InsUtutes of Health, 

signal, and thc downstream translatable DNA sequence Bethesda. Md.. 1987. ... 

encodes a filamentous phage coat protein membrane anchor The C region of the H chain defines the particular immu- 

as described herein for a polypeptide of this invention. Thc noglobulin type. Therefore the selection of conserved 

translatable DNA sequences are also operatively linked to sequences as defined herein from the C region of the H chain 

respective upstream and downstream DNA expression con- 30 results in the preparation of a repertoire of unmunoglobuhn 

trol sequences as defined for a DNA expression vector genes having members of the immunoglobubn type of the 

described herein. selected C region. 

The library so produced can be utilized for expression and The V region of the H or L chain typically comprises four 

screening of the fusion proteins encoded by the resulting framework (FR) regions each containing relatovely lower 

library of cistrons represented in the library by the expres- 35 degrees of variability that includes lengths of conserved 

sioo and screening methods described herein. sequences. The use of conserved sequences from the FR1 

2. Production of Gene Repertoires and FR4 (J region) framework regions of me^ chain is a 

A gene repertoire is a collection of different genes, preferred exemplary embodiment and is described herein in 

preferably polypeptide-encoding genes (polypeptide genes), the Examples. Framework regions are typically conserved 

and may be isolated from natural sources or can be generated 40 across several or all immunoglobulin types and thus con- 

artificiaUy. Preferred gene repertoires are comprised of con- served sequences contained therein are particularly suited 

served genes. Particularly preferred gene repertoires com- for preparing repertoires having several immunoglobulin 

prise either or both genes that code for the members of a types. 

dimeric receptor molecule. Major Histocompatibuity Complex . 

A gene repertoire useful in practicing the present inven- 45 The major histocompatibility complex (MHQ is a large 

tion contains at least 10*. preferably at least 10 4 . more genetic locus that encodes an extensive family of proteins 

preferably at least 10 5 and most preferably at least 10 7 that include several classes of molecules referred to as class 

different genes. Methods for evaluating the diversity of a L class n or class m MHC molecules Paul et al. in 

repertoire of genes is well known to one skilled in the art. Fundamental Immunology. Raven Press. N.Y.. pp. 303-378 

Thus, in one embodiment, thc present invention contem- 50 (1984). 

plates a method of isolating a pair of genes coding for a Cass I MHC molecules are a polymorphic group of 

dimeric receptor having a preselected activity from a rep- transplantation antigens representing a conserved family in 

ertoire of conserved genes. Additionally, expressing the which the antigen is comprised of a heavy chain and a 

cloned pair of genes and isolating the resulting expressed non-MHC encoded light chain. The heavy chain includes 

dimeric receptor protein is also described. Preferably, the 55 several regions, termed the N. CI. C2, membrane and 

receptor will be a heterodimeric polypeptide capable of cytoplasmic regions. Conserved sequences useful in the 

binding a ligand. such as an antibody molecule or immu- present invention are found primarily in the N. CI and CZ 

nologically active portion thereof, a cellular receptor, or a regions and are identified as continuous sequences of 

cellular adhesion protein coded for by one of the members "invariant residues** in Kabat et aL, supra, 

of a family of conserved genes. Le.. genes containing a 60 Class II MHC molecules comprise a conserved family of 

conserved nucleotide sequence of at least about 10 nucle- polymorphic antigens that participate in immune respon- 

otides in length siveness and are comprised of an alpha and a beta chain. The 

Exemplary conserved gene families encoding different genes coding for the alpha and beta chain each include 
polypeptide chains of a dimeric receptor are those coding for several regions that contain conserved sequences suitable for 

immuDOglobulins. major histocompatibility complex anti- 65 producing MHC class U alpha or beta chain repertoires, 

gens of class I or II. lymphocyte receptors, integrins and the Exemplary conserved nucleotide sequences include those 

f* ke coding for amino acid residues 26-30 of the Al region. 



5.759,817 

19 20 

residues 161-170 of the A2 region and residues 195-206 of been recently challenged results in producing a repertoire 

the membrane region, all of the alpha chain. Conserved that is not biased towards the production of high affinity V w 

sequences are also present in the Bl. B2 and membrane and/or V t polypeptides. 

regions of the beta chain at nucleotide sequences coding for It should be noted the greater the genetic heterogeneity of 

amino acid residues 41-45. 150-162 and 200-209. respec- 5 the population of cells for which the nucleic acids are 

^ . obtained, the greater the diversity of the immunological 

Lymphocyte Receptors and Cell Surface Antigens repertoire (comprising and V^coding genes) that will 

Lymphocytes contain several families of proteins on their be made available for screening according to the method of 

cell surfaces including the T-cell receptor. Thy-1 antigen and the present invention. Thus, cells from different individuals, 

numerous T-cell surface antigens including the antigens 10 particularly those having an immunologically significant age 

defined by the monoclonal antibodies OKT4 (leu3). OKT5/8 difference, and cells from individuals of different strains. 

(Ieu2) OKT3 OKT1 (leul), OKT 11 (Ieu5) OKT6 and races or species can be advantageously combined to increase 

OKT9 Paul, supra at pp. 458-479. . the heterogeneity (diversity) of a repertoire. 

The T-cell receptor is a term used for a family of antigen Thus, in one preferred enibodimcnt, the source ceils arc 
binding molecules found on the surface of T-ceUs. The T-ceil 15 obtained from a vertebrate, preferably a mammal, which has 
receptor as a family exhibits polymorphic binding specificity been immunized or partially immunized with an antigenic 
similar to immunoglobulins in its diversity. The mature ligand (antigen) against which activity is sought i.e.. a 
T-cell receptor is comprised of alpha and beta chains each preselected antigen. The imiminizatioq can be earned out 
having a variable (V) and constant (C) region. The similari- conventionally. Antibody titer in the animal can be mom- 
ties that the T-cell receptor has to immunoglobulins in 20 tored to determine the stage of immuiu^tioD desnxd, which 
genetic organization and function shows that T-ceJl receptor stage corresponds to the amount of enrichment or biasing of 
contains regionTof conserved sequence. Lai et ah. Nature, the repertoire desired. Partially immunized animals typically 
33 1 -543-546 (1988) receive only one immunization and cells are collected from 
Exemplary conserved sequences include those coding for those animals shortly after a response is detected Fully 
amino acid residues 84-90 of alpha chain, amino acid 25 immunized animals display a peak titer, which is achieved 
residues 107-115 of beta chain, and amino acid residues with one or more repeated injections of the antigen into the 
91-95 and 111-116 of the gamma chain. Kabat et aL. supra. host mammal, normally at 2 to 3 week intervals. Usually 
2? 9 three to five days after the last challenge, the spleen is 
Integrins And Adhesions removed and the genetic repertoire of the splenocytes. about 
Adhesive proteins involved in cell attachment arc mem- 30 90% of which are rearranged B cells, is isolated usmg 
bers of a large family of related proteins termed integrins. standard procedures. See. Current Protocols in Molecular 
Inteerins are hetexodimers comprised of a beta and an alpha Biology. Ausubel et aL eds.. John Wiley & Sons. NY. 
subunit Members of the integrin family include the cell Nucleic acids coding for V„ and V L polypeptides can be 
surface glycoproteins platelet receptor GpHb-IQa. vitronec- derived from cells producing IgA. IgD. IgE. IgG or IgM. 
tin receptor (VnR). fibronectin receptor (FnR) and the leu- 35 most preferably from IgM and IgG. producing cells, 
kocyte adhesion receptors LFA-1. Mac-1. Mo-1 and 60.3. Methods for preparing fragments of genomic DNA from 
Rouslahti et at Science, 238:491-497 (1987). Nucleic acid which immunoglobulin variable region genes can be cloned 
and protein sequence data demonstrates regions of con- as a diverse population are well known in the art. See for 
served sequences exist in the members of these families. example Herrmann et aL. Methods In Enzymol. 
particularly between the beta chain of GpHb-IHa. VnR and 40 152:180-183, (1987); Frischauf. Methods In Enzymol 
FnR and between the alpha subunit of VnR, Mac-L LFA-1. 152:183-190 (1987); Frischauf. Methods In Enzymol 
FnR and GpHb-IIIa. Suzuki et at. Proc. Natl Acad. Sci 152:190-199 (1987); and DiLcUa et aL. Methods In 
USA. 83-8614-8618. 1986; Ginsberg et aL J. Biol Chertu. Enzymol. 152:199-212 (1987). (The teachings of the ref- 
262:5437-5440 1987. erences cited herein are hereby incorporated by reference.) 

Various well known methods can be employed to produce 45 The desired gene repertoire can be isolated from either 

a useful gene repertoire. For instance. V„ and V L gene genomic material containing the gene «FCsSing ttic van. 

repertoires can be produced by isolating V^ and V^-coding able region or the messenger RNA (mRNA) which repre- 

mRNA from a heterogeneous population of antibody pro- sents a transcript of the variable region. The difficulty m 

during cells. i.e.. B lymphocytes (B cells), preferably rear- using the genomic DNA from other than non-rearranged B 

ranged B cells such as those found in the circulation or 50 lymphocytes is in juxtaposing the sequences coding for the 

spleen of a vertebrate. Rearranged B cells are those in which variable region, where the sequences are separated by 

immunoglobulin gene translocation, i.e., rearrangement, has introns. The DNA fragments) containing the proper exons 

occurred as evidenced by the presence in the cell of mRNA must be isolated, the introns excised, and the exons then 

with the immunoglobulin gene V, D and J region transcripts spliced in the proper order and in the proper orientation. For 

adjacently located thereon. Typically, the B cells are col- 55 the most part, this will be difficult, so mat the alternative 

lected in a 1-100 ml sample of blood which usually contains technique employing rearranged B cells will be the method 

10* B cells/ml of choice because the V. D and J immunoglobulin gene 

In some cases, it is desirable to bias a repertoire for a regions have translocated to become adjacent, so that the 

preselected activity, such as by using as a source of nucleic sequence is continuous (free of introns) for the entire 

acid cells (source cells) from vertebrates in any one of 60 variable regions. 

various stages of age, health and immune response. For Where mRNA is utilized the cells will be lysed under 

example, repeated immunization of a healthy animal prior to RNase inhibiting conditions. In one eirAodiment the first 

collecting rearranged B cells results in obtaining a repertoire step is to isolate the total cellular mRNA. Poly A+rnRNA 

enriched for genetic material producing a receptor of high can then be selected by hybridization to an oligo-dT cellu- 

affinity Mullinax et al.. Proc. Natl Acad. ScL USA 63 lose column. The presence of mRNAs coding for the heavy 

87 8095-8099 (1990). Conversely, collecting rearranged B and/or light chain polypeptides can then be assayed by 
cells from a healthy animal whose immune system has not hybridization with DNA single strands of the appropriate 
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genes. Conveniently, the sequences coding for the constant In addition to in vitro immunization, cell panning 

portion of the V w and can be used as polynucleotide (immunoaffinity absorption) can be used to further increase 

probes, which sequences can be obtained from available the frequency of antigen-specific B cells. Techniques for 

sources. See for example. Early and Hood. Genetic selecting B cell subpopulations via solid-phase antigen 

Engineering. Setlow and Hollaender, eds.. Vol. 3. Plenum 5 binding are well established. Panning conditions can be 

Publishing Corporation. NY. (1981). pages 157-188; and optimized to selectively enrich for B cells which bind with 

Kabat et aL. Sequences of Immunological Interest. National mg h affinity to a variety of antigens, including cell surface 

Institutes of Health. Bethesda. Md.. (1987). proteins. Panning can be used alone, or in combination with 

In preferred embodiments, the preparation containing the in immunization to increase the frequency of antigen- 
total cellular mRNA is first enriched for the presence of V„ iQ spccific cclJs me levcls wluc h caD be obtained with 
and/or V L coding mRNA. Enrichment is typically acconv cithcf lccnnj que ^ Qntt immunoglobulin expression libraries 
pUshed by subjecting the total mRNA preparation or par- C0DStnlcted ^ m enriched populations of B cells are biased 
daily pitted mRNA product thereof to a poiner ^ion antigen-specific antibody clones, and thus, 
reaction employing a polynucleotide syndesis primer as identification of clones with the desired specifici- 
described herein. Exemplary methods for producing V H and c . „ , . . ..... r 

V^nTrepertoires uriig polynucleoUde synthesis primers * ^stoni smaUer. less complex libraries. 

are taMi. PCT A^cation No. PCT/US 90/02836 3. Preparation of Polynucleotide Primers 

(International Publication No. WO 90/14430). Particularly The term >>lynucleotide" as used herein m reference to 

preferred methods for producing a gene repertoire rely on primers, probes and nucleic acid fragments or segments to 

the use of preselected oligonucleotides as primers in a be synthesized by primer extension is defined as a molecule 

polymerase chain reaction (PCR) to form PCR reaction 20 comprised of two or more deoxyribonucleotide or 

products as described herein. ribonucleotides, preferably more than 3. Its exact size will 

In preferred embodiments. isolated B cells are immunized depend on many factors, which in turn depends on the 

in vitro against a preselected antigen. In vitro immunization ultimate conditions of use. 

is defined as the clonal expansion of epitope-specific B cells The term "primer* as used herein refers to a polynude- 

in culture, in response to antigen stimulation. The end result 25 otide whether purified from a nucleic acid restriction digest 

is to increase the frequency of antigen-specific B cells in the or produced synthetically, which is capable of acting as a 

immunoglobulin repertoire, and thereby decrease the mim- point of initiation of nucleic acid synthesis when placed 

bcr of clones io an expression library that must be screened under conditions in which synthesis of a primer extension 

to identify a clone expressing an antibody of the desired product which is complementary to a nucleic acid strand is 

specificity. The advantage of in vitro immunizatioD is that 30 induced, ie.. in the presence of nucleotides and an agent for 

human monoclonal antibodies can be generated against a polymerization such as DNA polymerase, reverse tran- 

limitless number of therapeutically valuable antigens, scriptase and the like, and at a suitable temperature andpH. 

including toxic or weak immunogens. For example, anti- The primer is preferably single stranded for maximum 

bodies specific for the polymorphic determinants of tumor- efficiency, but may alternatively be in double stranded form, 

associated antigens, rheumatoid factors, and histocompat- 35 If double stranded, the primer is first treated to separate it 

ibility antigens can be produced, which can not be elicited from its complementary strand before being used to prepare 

in immunized animals. In addition, it may be possible to extension products. Preferably, the primer is a potydeoxyri- 

generate immune responses which are normally suppressed bonucleotide. The primer must be sufficiently long to prime 

in yl yo the synthesis of extension products in the presence of the 

In vitro irnmunization can be used to give rise to either a 40 agents for polymerization. The exact lengths of the primers 

primary or secondary immune response. A primary immune will depend on may factors, including temperature and the 

response, resulting from first time exposure of a B cell to an source of primer. For example, depending on the complexity 

antigen, results in clonal expansion of epitope-specific cells of the target sequence, a polynucleotide primer typically 

and the secretion of IgM antibodies with low to moderate contains 15 to 25 or more nucleotides, although it can 

apparent affinity constants (10M0 8 M* 1 ). Primary imrou- 45 contain fewer nucleotides. Short primer molecules generally 

nization of human splenic and tonsillar lymphocytes in require ccoler temperatures to form sufficiently stable hybrid 

culture can be used to produce monoclonal antibodies complexes with template. 

against a variety of antigens, including cells, peptides, The primers used herein are selected to be "substantially" 
macromolecule. haptens, and tumor-associated antigens. complementary to the different strands of each specific 
Memory B cells from immunized donors can also be stimu- 50 sequence to be synthesized or amplified. This means that the 
lated in culture to give rise to a secondary immune response primer must be sufficiently complementary to non-randomly 
characterized by clonal expansion and the production of hybridize with its respective template strand. Therefore, the 
high affinity antibodies (>i(f NT 1 ) of the IgG isotype. primer sequence may ox may not reflect the exact sequence 
particularly against viral antigens by clonaily expanding of the template. For example, a non-complementary nude- 
sensitized lymphocytes derived from seropositive individu- 55 otide fragment can be attached to the 5* end of the primer. 
3j s with the remainder of the primer sequence being substan- 
In one embodiment, peripheral Wood lymphocytes are tially complementary to the strand. Such oon- 
depleted of various cytolytic cells that appear to down- complementary fragments typically code for an endonu- 
modulate anti gen- specific B cell activation. When clease restriction site. Alternatively, non-complementary 
lysosome-rich subpopulations (natural killer cells, cytotoxic 60 bases or longer sequences can be interspersed into the 
and suppressor T cells, monocytes) are first removed by primer, provided the primer sequence has sufficient cornple- 
treatment with the ly sosmotropic methyl ester of leucine, the mentarily with the sequence of the strand to be synthesized 
remaining cells (including B cells. T helper cells, accessory or amplified to non-randomly hybridize therewith and 
cells) respond antigen-specifically during in vitro immuni- thereby form an extension product under polynucleotide 
zation. The lymphokine requirements for inducing antibody 65 synthesizing conditions. 

production in culture are satisfied by a culture supernatant Primers of the present invention may also contain a 

from activated, irradiated T ceils. DNA-dependent RNA polymerase promoter sequence or its 
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complement. See for example. Krieg et al„ NucL Acids Res^ V L coding DNA homolog. first primers are chosen to hybnd- 
12:7057-70 (1984); Studier et ah. 7. Mol. Biol., ize with (i.e. be complementary to) a conserved region 
189:113-130 (1986); and Molecular Cloning: A Laboratory within the J region or constant region of immunoglobulin 
Manual, Second Edition. Maniatis et ai. eds.. Cold Spring light chain genes and the like. Second primers become part 
Harbor NY. (1989). 5 °f mc coding (p |US ) strand and hybridize to a nucleotide 

When a primer containing a DNA-dependent RNA poly- sequence conserved among minus strands. To produce the 
merase promoter is used the primer is hybridized to the Vacating DNA homology second primers are therefore 
polynucleotide strand to be amplified and the second poly- chosen to hybridize with a conserved nucleotide sequence at 
nucleotide strand of the DNA-dependent RNA polymerase the 5' end of the V^oding immunoglobulin gene such as in 
promoter is completed using an inducing agent such as E 10 that area coding for the leader or first framework region. It 
coli DNA polymerase L or the Klenow fragment of E coU should be noted that in the amplification of both V„- and 
DNA polymerase. The starting polynucleotide is amplified V^-coding DNA homologs the conserved 5' nucleotide 
by alternating between the production of an RNA polynucle- sequence of the second primer can be complementary to a 
otide and DNA polynucleotide. sequence exogenously added using terminal deoxynucleot*- 

Primers may also contain a template sequence or repli- 15 dyl transferase as described by Loh et al.. Science. 
cation initiation site for a RNA-directed RNA polymerase. 243217-220 (1989). One or both of the first and second 
Typical RNA-directed RNA polymerase include the QB primers can contain a nucleotide sequence defining an 
replicase described by Lizardi et al.. Biotechnology, endonuciease recognition site. The site can be heterologous 
6:1197-1202 (1988) RNA-directed polymerases produce to the immunoglobulin gene being amplified and typically 
large numbers of RNA strands from a small number of 20 appears at or near the 5* end of the primer, 
template RNA strands that contain a template sequence or When present, the restriction ate-oefining portion is typi- 
repUcation initiation site. These polymerases typically give cally located in a 5'-terminal non-priming portion of the 
a one million-fold amplification of the template strand as has primer. The restriction site defined by the first pnmer is 
been described by Kramer et aL. J. Mot BioU 89:719-736 typically chosen to be one recognized by a restriction 
^074) 25 enzyme that does not recognize the restriction site defined 

The polynucleotide primers can be prepared using any by the second primer, the objective being to be able to 
suitable method, such as. for example, the phosphotriester or produce a DNA molecule having cohesive termini that are 
phosphodiester methods see Narang et at. Mcttu EnzymoL. non-complementary to each other and thus allow directional 
68:90 (1979); U-S. PaL No. 4356.270; and Brown et ai. insertion into a vector. 

Metk EnzymoL 68:109, ( 1979). 30 In one embodiment, the present invention utilizes a set of 

The choice of a primer's nucleotide sequence depends on polynucleotides that form primers having a priming region 
factors such as the distance on the nucleic acid from the located at the T-terminus of the primer. The priming region 
region coding for the desired receptor, its hybridization site is typically the 3 -most (J-ternunaf) 15 to 30 nucleotide 
on the nucleic acid relative to any second primer to be used, bases. The ^-terminal priming portion of each primer is 
the number of genes in the repertoire it is to hybridize to. and 35 capable of acting as a primer to catalyze nucleic acid 
mc jyjg synthesis, i.e., initiate a primer extension reaction off its 3* 

a. Primers for Producing Immunoglobulin Gene Repertoires terminus. One or both of the primers can additionally 
V w and gene repertoires can be separately prepared contain a 5 -terminal (5 -most) non-priming portion, i.e.. a 
prior to their utilization in the present invention. Repertoire region that does not participate in hybridization to repertoire 
preparation is typically accomplished by primer extension. 40 template. 

preferably by primer extension in a polymerase chain reac- In PCR. each primer works in combination with a second 
Son (PCR) format. primer to amplify a target nucleic acid sequence. The choice 

To produce a repertoire of V^oding DNA homologs by of PCR primer pairs for use in PCR is governed by consid- 
primer extension, the nucleotide sequence of a primer is crations as discussed herein for producing gene repertoires, 
selected to hybridize with a plurality of immunoglobulin 45 That is. the primers have a nucleotide sequence that is 
heavy chain genes at a site substantially adjacent to the complementary to a sequence conserved in the repertoire. 
V jr coding region so that a nucleotide sequence coding for Useful V„ and V t priming sequences are shown in Tables 5 
a functional (capable of binding) polypeptide is obtained. To and 6. herein below. 

hybridize to a plurality of different V^coding nucleic acid 4. Polymerase Chain Reaction to Produce Gene Repertoires 
strands, the primer must be a substantial complement of a 50 The strategy used for cloning the V„ and V L genes 
nucleotide sequence conserved among the different strands. contained within a repertoire will depend, as is well known 
Such sites include nucleotide sequences in the constant in the art on the type, complexity, and purity of the nucleic 
region, any of the variable region framework regions, pref- acids making up the repertoire. Other factors include 
erabty the third framework region, leader region, promoter whether or not the genes are contained in one or a plurality 
region. J region and the like. 55 of repertoires and whether or not they are to be amplified 

If the repertoires of V^coding and V L -coding DNA andVor mutagenized. 
homologs are to be produced by (PCR) amplification, two The and V^coding gene repertoires are comprised of 
primers, it. a PCR primer pair, must be used for each polynucleotide coding strands, such as mRNA and/or the 
coding strand of nucleic acid to be amplifiedL The first sense strand of genomic DNA. If the repertoire is in the form 
primer becomes part of the nonsense (minus or 60 of double stranded genomic DNA. it is usually, first 
complementary) strand and hybridizes to a nucleotide denatured, typically by melting, into single strands. A rep- 
sequence conserved among \„ (plus or coding) strands ertoire is subjected to a PCR reaction by treating 
within the repertoire. To produce V M coding DNA (contacting) the repertoire with a PCR primer pair, each 
homologs, first primers are therefore chosen to hybridize to member of the pair having a preselected nucleotide 
(Lc. be complementary to) conserved regions within the J 65 sequence. The PCR primer pair is capable of initiating 
region. CHI region, hinge region, CH2 region, or CH3 primer extension reactions by hybridizing to nucleotide 
region of immunoglobulin genes and the like. To produce a sequences, preferably at least about 10 nucleotides in length 
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and more preferably at least about 20 nucleotides in length. reverse transcriptase, and other enzymes, including heat- 
conserved within the repertoire. The first primer of a PCR stable enzymes, which will facilitate combination of the 
primer pair is sometimes referred to herein as the "sense nucleotides in the proper manner to form the primer exten- 
prirneT because it hybridizes to the coding or sense strand sion products which are complementary to each Duclcic acid 
of a nucleic acid. In addition, the second primer of a PCR 5 strand. Generally, the synthesis will be initiated at the 3' end 
primer pair is sometimes referred to herein as the "anti-sense of each primer and proceed in the 5* direction along the 
primer" because it hybridizes to a non-coding or anti-sense template strand, until synthesis terminates, producing mol- 
strand of a nucleic acid, i.e.. a strand complementary to a ecules of different lengths. There may be inducing agents, 
coding strand. however, which initiate synthesis at the 5* end and proceed 
The PCR reaction is performed by mixing the PCR primer 10 in the above direction, using the same process as described 
pair, preferably a rxedetermined amount thereof, with the above. 

nucleic acids of the repertoire, preferably a predetermined The inducing agent also may be a compound or system 

amount thereof, in a PCR buffer to form a PCR reaction which will function to accomplish the synthesis of RNA 

admixture. The admixture is maintained under polynucie- primer extension products, including enzymes. In preferred 

otidc synthesizing conditions for a time period, which is 15 embodiments, the inducing agent may be a DNA-dependent 

typically pretoerrnined. sufficient for the formation of a RNA polymerase such as T7 RNA polymerase. T3 RNA 

PCR reaction product thereby producing a plurality of polymerase or SP6 RNA polymerase. These polymerases 

different V^^coding and/or V^-coding DNA homologs. produce a complementary RNA polynucleotide. The high 

A plurality of first primer and/or a plurality of second turn over rate of the RNA polymerase amplifies the starting 
primers can be used in each amplification, e.g.. one species 20 polynucleotide as has been described by Chamberlin et aL. 
of first primer can be paired with a number of different The Enzymes, ed. P. Boyer. PP. 87-108. Academic Press, 
second primers to form several different primer pairs. New York (1982). Another advantage of T7 RNA poly- 
Alternativery. an individual pair of first and second primers mexase is that mutations can be introduced into the poly- 
can be used. In any case* the amplification products of nucleotide synthesis by replacing a portion of cDNA with 
amplifications using the same or different combinations of 25 one or more mutagenic oligodeoxynucleotides 
first and second primers can be combined to increase the (polynucleotides) and transcribing the partially-mismatched 
diversity of the gene library. template directly as has been previously described by Joyce 

In another strategy, the object is to clone the and/or et aL. Nuc. Acid Res^ 17:711-722 (1989). Amplification 

V^-coding genes from a repertoire by providing a polynudc- systems based on transcription have been described by 

otide complement of the repertoire, such as the anti-sense 30 Gingeras et al., in PCR Protocols, A Guide to Methods and 

strand of genomic dsDNA or the polynucleotide produced Applications, pp 245-252, Academic Press. Inc.. San Diego, 

by subjecting mRNA to a reverse transcriptase reaction. Calif. (1990). 

Methods for producing such complements are well known in If the inducing agent is a DNA-dependent RNA poly- 
foe 3^ merase and therefore incorporates ribonu cleo tide 

The PCR reaction is performed using any suitable 35 triphosphates, sufficient amounts of ATP. CTP. GTP and 

method. Generally it occurs in a buffered aqueous solution, OTP are admixed to the primer extension reaction admixture 

Le., a PCR buffer, preferably at a pH of 7-9. most preferably and the resulting solution is treated as described above, 

about 8. Preferably, a molar excess (for genomic nucleic The newly synthesized strand and its complementary 

acid, usually about primeruemplate) of the primer is nucleic acid strand form a double-stranded molecule which 

admixed to the buffer containing the template strand. A large 40 can be used in the succeeding steps of the process, 

molar excess is preferred to improve the efficiency of the The first and/or second PCR reactions discussed above 

process. 020 advantageously be used to incorporate into the receptor 

The PCR buffer also contains the deoxyribo nucleotide a preselected epitope useful in immunologically detecting 

triphosphates dATP, dCTP, dGTP. and dTTP and a and/or isolating a receptor. This is accomplished by utilizing 

polymerase, typically thermostable, all in adequate amounts 45 a first and/or second polynucleotide synthesis primer or 

for primer extension (polynucleotide synthesis) reaction. expression vector to incorporate a predetermined amino acid 

The resulting solution (PCR admixture) is heated to about residue sequence into the amino acid residue sequence of the 

90° C. -100° C for about 1 to 10 minutes, preferably from receptor. 

1 to 4 minutes. After this heating period the solution is After producing V^- and V^-coding DNA homologs for a 
allowed to cool to 54° C. which is preferable for primer 50 plurality of different and V zr coding genes within the 
hybridization. The synthesis reaction may occur at from repertoires, the DNA molecules are typically further ampli- 
room temperature up to a temperature above which the fied. While the DNA molecules can be amplified by classic 
polymerase (inducing agent) no longer functions efficiently. techniques such as ^corporation into an autonomously 
Thus, for example, if DNA polymerase is used as inducing replicating vector, it is preferred to first amplify the mol- 
agent. the temperature is generally no greater than about 40° 55 ecules by subjecting them to a polymerase chain reaction 
C. An exemplary PCR buffer comprises the following: 50 (PCR) prior to inserting them into a vector. PGR is typically 
mM KC3; 10 mM Tris-HQ; pH 8.3; 1-5 mM Mgd^ 0.001% carried out by thermocyding i.e., repeatedly increasing and 
(wt/vol) gelatin, 200 uM dATP; 200 uM dTTP; 200 uM decreasing the temperature of a PCR reaction adrnixture 
dCTP; 200 uM dGTP; and 2.5 units Thermus aquaticus within a temperature range whose lower limit is about 10° C. 
DNA polymerase I (U.S. Pat. No. 4,889,818) per 100 60 to about 40 9 C. and whose upper limit is about 90° C. to 
microliters of buffer. about 100° C. The increasing and decreasing can be 
The inducing agent may be any compound or system continuous, but is preferably phasic with time periods of 
which will function to accomplish the synthesis of primer relative temperature stability at each of temperatures favor- 
extension products, including enzymes. Suitable enzymes ing polynucleotide synthesis, denaturation and hybridiza- 
for this purpose include, for example, E coli DNA poly- 65 tion. 

merase L Klenow fragment of £ coU DNA polymerase L T4 PCR amplification methods are described in detail in U.S. 

DNA polymerase, other available DNA polymerases. Pat. Nos. 4.683.192. 4.683.202. 4.800.159. and 4.965.188. 
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and at least in several texts including tf PCR Technology: 
Principles and Applications for DNA Amplification". H. 
Erlich. ed.. Stockton Press. New York (1989); and "PCR 
Protocols: A Guide to Methods and Applications". Innis et 
al.. eds.. Academic Press. San Diego. Calif. (1990). 

Id preferred embodiments only one pair of first and 
second primers is used per amplification reaction. The 
amplification reaction products obtained from a plurality of 
different amplifications, each using a plurality of different 
primer pairs, are then combined. 

However, the present invention also contemplates DNA 
homolog production via co-amplification (using two pairs of 
primers), and multiplex amplification (using up to about 8- 
9 or 10 primer pairs). 

In preferred embodiments, the PGR process is used not 
only to produce a library of DNA molecules, but also to 
induce mutations within the library or to create diversity 
from a single parental clone and thereby provide a library 
having a greater heterogeneity. First it should be noted that 
the PCR process itself is inherently mutagenic due to a 
variety of factors well known in the art Second, in addition 20 
to the mutation inducing variations described in the above 
referenced U.S. Pat No. 4.683.195. other mutation inducing 
PCR variations can be employed. For example, the PCR 
reaction admixture, can be formed with different amounts of 
one or more of the nucleotides to be incorporated into the 25 
extension product. Under such conditions, the PCR reaction 
proceeds to produce nucleotide substitutions within the 
extension product as a result of the scarcity of a particular 
base. Similarly, approximately equal molar amounts of the 
nucleotides can be incorporated into the initial PCR reaction 30 
admixture in an amount to efficiently perform X number of 
cycles, and then cycling the admixture through a number of 
cycles in excess of X. such as. for instance. 2X. 
Alternatively, mutations can be induced during the PCR 
reaction by incorporating into the reaction admixture nude- 35 
otide derivatives such as inosine. not normally found in the 
nucleic acids of the repertoire being amplified. During 
subsequent in vivo amplification, the nucleotide derivative 
will be replaced with a substitute nucleotide thereby induc- 
ing a point mutation. 40 

5. Linear DNA Expression Vectors 
A DNA expression vector for use in a method of the 

invention for producing a library of DNA molecules is a 
linearized DNA molecule as described before having two 
(upstream and downstream) cohesive termini adapted for 45 
directional ligation to a polypeptide gene. 

A linear DNA expression vector is typically prepared by 
restriction endonudease digestion of a circular DNA expres- 
sion vector of this invention to cut at two preselected 
restriction sites within the sequence of nucleotides of the 50 
vector adapted for directional ligation to produce a linear 
DNA molecule having the required cohesive termini that are 
adapted for direction ligation. Directional ligation refers to 
flic presence of two (a first and second) cohesive termini on 
a vector, or on the insert DNA molecule to be ligated into the 55 
vector selected, so that the termini on a single molecule are 
not complementary. A first terminus of the vector is comple- 
mentary to a first terminus of the insert and the second 
terminus of the vector is complementary to the second 
terminus of the insert 60 

6. Ligation Reactions to Produce Gene Libraries 
In preparing a library of DNA molecules of this invention. 

a ligation admixture is prepared as described above, and the 
admixture is subjected to ligation conditions for a time 
period sufficient for the admixed repertoire of polypeptide 65 
genes to ligate (become operatively linked) to the plurality 
of DNA expression vectors to form the library. 



Ligation conditions are conditions selected to favor a 
ligation reaction wherein a phosphodiester bond is formed 
between adjacent 3' hydroxyl and 5* phosphoryl termini of 
DNA. The ligation reaction is preferably catalyzed by the 
5 enzyme T4 DNA ligase. Ligation conditions can vary in 
time, temperature concentration of buffers, quantities of 
DNA molecules to be ligated. and amounts of ligase. as is 
well known. Preferred ligation conditions involve maintain- 
ing the ligation admixture at 4 degrees Centigrade (4° C.) to 
12° C. for 1 to 24 hours in the presence of 1 to 10 units of 
T4 DNA ligase per milliliter (ml) and about 1 to 2 micro- 
grams (ug) of DNA. Ligation buffer in a ligation admixture 
typically contains 0.5M Tris-HCl (pH 7.4). 0.01M MgCl 2 . 
0.01M dithiothrietoL 1 mM sr^ermidine. 1 mM ATP and 0.1 
mg/ml bovine serum albumin (BSA). Other ligation buffers 
can also be used. 

Exemplary ligation reactions are described in Example 2. 
7. Preparation of Dicistronic Gene Libraries 

In a particularly preferred embodiment the present inven- 
tion contemplates methods for the preparation of a library of 
dicistronic DNA molecules. A dicistronic DNA molecule is 
a single DNA molecule having the capacity to express two 
separate polypeptides from two separate cistrons. In pre- 
ferred embodiments, the two cistrons are operatively linked 
at relative locations on the DNA molecule such that both 
cistrons are under the transcriptional control of a single 
promoter. Each dicistronic molecule is capable of expressing 
first and second polypeptides from first and second cistrons. 
respectively, that can form, in a suitable host a het- 
erodimeric receptor on the surface of a filamentous phage 
particle. 

The method for producing a library of dicistronic DNA 
molecules comprises the steps of: 

(a) Forming a first ligation admixture by combining in a 
ligation buffer. 

(i) a repertoire of first polypeptide genes in the form of 
dsDNA. each having cohesive termini adapted for 
directional ligation, and 

(ii) a plurality of DNA expression vectors in linear 
form, each having upstream and downstream first 
cohesive termini that are (a) adapted for directionally 
receiving the first polypeptide genes in a common 
reading frame, and (b) operatively linked to respec- 
tive upstream and downstream translatable DNA 
sequences. The upstream translatable DNA sequence 
encodes a peJB secretion signal the downstream 
translatable DNA sequence encodes a filamentous 
phage coat protein membrane anchor, and translat- 
able DNA sequences are operatively linked to 
respective upstream and downstream DNA expres- 
sion control sequences. 

(b) Subjecting the admixture to ligation conditions for a 
time period sufficient to operatively link the first 
polypeptide genes to the vectors and produce a plurality 
of circular DNA molecules each having a first cistron 
for expressing the first polypeptide. 

(c) Treating the plurality of circular DNA molecules under 
DNA cleavage conditions to produce a plurality of 
DNA expression vectors in linear form that each have 
upstream and downstream second cohesive termini that 
are (i) adapted for directionally receiving a repertoire of 
second polypeptide genes in a common reading frame, 
and (ii) operatively linked to respective upstream and 
downstream DNA sequences. The upstream DNA 
sequence is a translatable sequence encoding a secre- 
tion signal, the downstream DNA sequence has at least 
one stop codon in the reading frame, and the translat- 
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able DNA sequence is operatively linked to a DNA prised of phage particles containing DNA molecules that 

expression control sequence. encode at least 10 6 . preferably 10 and more preferably 

(d) Forming a second ligation admixture by combining in" ^ different fusion proteins of this invention. By different 

ligation buffer fusion P otcins is meanl fusion proton* differing in amino 

(iHhe plurality of DNA expression vectors formed in * acid residue sequence. Where tbe packaged expression vec- 

Jtenfrt and ,or ncoits first and second polypeptides of an autogeoously 

(ii)Sc repertoire of second polypeptide genes in the "*mbling receptor, e.g. V„ and V t r^lypeptides that form 

form ofdsDNA. each having cohesive termini * Fab. tbe library can also be characterized as containing or 

adapted for directional ligation to the plurality of expressing a multiplicity of receptor VcofiolKS. 

DNA expression vectors; and "> P^«red libraries express at least ^.preferably at least 10* 

^ * .... .... and more preferably at least 10 different receptors, such as 

(e) Subjecting the second ^mixture to hga^n c^dinons ^ P^J ^ ^ ^grins^d the like, 
for a time period sufficient to operatively link the 

second polypqptide genes to said vectors and produce As described heron, a particular advantage of a filamen- 

a plurality ofdrcular DNA molecules each having the tous phage in the present invention is that the DNAmolecuk 

second cistron for expressing the second polypeptide. 15 present* the phage particle and encoding one or both of die 

thereby forming the library. In preferred enrtbdiments members of the hcterodimenc receptor can be segiegated 

a TfeStioSu is apdB secretion signal, and the from omaDNAmolecul«Fesent,ntJ«htaary on the basis 

membrane anchor is derived from cpVUI as described of the presence of the particular expressed fusion protein the 

herein surface of the phage particle. 

DNA expression vectors useful for practicing the above 20 Isolation (segregation) of a DNA molecule encoding one 

method are the dicistronic expression vectors described in or both members of a hcterodimenc receptor is conducted by 

greater detail before. segregation of the filamentous phage particle containing the 

In practicing the method of producing a library of dicis- gene or genes of interest away from the population of other 

tronic DNA molecules, it is preferred that the upstream and phage parUcles comprising the library. Segregation of phage 

downstream first cohesive termini do not have the same 25 particles involves the physical separation and propagation of 

nucleotide sequences as the upstream and downstream sec- individual phage particles away from other particles in the 

ond cohesive termini. In this einbodiment. the treating step library. Methods for physical separation of filamentous 

(c) to linearize the circular DNA molecules typically phage particles to produce individual particles, and the 

involves the use of restriction endonucleases that are specific propagation of the individual particles to form populations 

for producing said second termini, but do not cleave the 30 of progeny phage derived from the individual segregated 

circular DNA molecule at the sites that formed the first particle are well known in the filamentous phage arts, 

termini. Exemplary and preferred first and second termini a preferred separation method involves the identification 

are the termini defined by cleavage of pCBAK8 with Xho I 0 f me expressed heterodimer on the surface of the phage 

and Spe I to form the upstream and downstream first termini. particle by means of a ligand binding specificity between the 

and defined by cleavage of pCBAK8 with Sac I and Xba I phage particle and a preselected ligand. Exemplary and 

to form the upstream and downstream second termini. Id this preferred is the use of "panning" methods whereby a sus- 

embodiment. other pairs of cohesive termini can be utilized pension of phage particles is contacted with a solid phase 

at the respective pairs of first and second termini, so long as ligand (antigen) and allowed to specifically bind (or immu- 

the four termini are each distinct, non complementary ter- " noreact where the heterodimer includes an immunoglobulin 

mini variable domain). After binding* non-bound particles are 

Methods of treating the plurality of circular DNA mol- washed off the solid phase, and the bound phage particles are 

ecules under DNA cleavage conditions to form linear DNA those that contain ligand-specific heterodimeric receptor 

molecules are generally well known and depend on the (heterodimer) on their surface. The bound particles can then 

nucleotide sequence to be cleaved and the mechanism for be recovered by elution of the bound particle from the solid 

cleavage. Preferred treatments involve admixing the DNA phase, typically by the use of aqueous solvents having high 

molecules with a restriction endonudease specific for a ionic strength sufficient to disrupt the receptor-ligand bind- 

endonuclease recognition site at the desired cleavage loca- j n g interaction. 

don in an amount sufficient for the restriction endonuclease ^ a ^ xmM mct hod for separating a phage particle based 

to cleave the DNA molecule. Buffers, cleavage conditions. ^ on mc Ugand spc cificity of the surface-expressed het- 

and substrate concentrations for restriction endonuclease erodimer from a population of particles is to precipitate the 

cleavage are well known and depend on the particular phage particles from the solution phase by crosslinkage with 

enzyme utilized. Exemplary restriction enzyme cleavage lhc An exemplary and preferred crosslinJring and 

conditions are described in Example 2. precipitation method is described in detail in Example 4c 

F Phage Libraries 55 "H* usc of ^ abovc P ardclc segregation methods pro- 

^ vides a means for screening a population of filamentous 

The present invention contemplates a library of DNA phage particles present in a phage library of this invention, 

molecules that each encode a fusion protein of this invention As applied to a phage library, screening can be utilized to 

where the library is in the form of a population of different enrich the library for one or more particles that express a 

filamentous phage particles each containing one of the « heterodimer having a preselected ligand btoding specificity, 

different rDNA molecules. By different ,DNA molecule is Where the library is designed to contain multiple species of 

meant rDNA molecules differing in nucleotide base heterodimers that all have some detectable measure of 

sequence encoding a polypeptide of this invention. ligand binding activity, but differ in protein structure. 

Thus, a phage library is a population of filamentous antigenicity, ligand binding affinity or avidity, and the like, 

phage, preferably fl. fd or MD filamentous phage, each 65 the screening methods can be utilized sequentially to first 

phage having packaged inside the particle a rDNA expres- produce a library enriched for a preselected binding 

sion vector of this invention. A preferred library is com- specificity, and then to produce a second library further 



5.759.817 

31 32 

enriched by further screening comprising one or more wild-type cpVm is transcribed in the host cell than fusion 

isolated phage particles. Methods for measuring ligand proteins, thereby leading to increased ratios of fusion protein 

binding activities, antigenicity and the like interactions compared to cpVTH during the extrusion process, 

between a ligand and a receptor are generally well known i„ another embodiment, the amount of heterodimeric 

and are not discussed further as they are not essential 5 rec cptor on the phage particle surface can be controlled by 

features of the present invention. controlling the timing between expression of fusion proteins 

Thus in one embodiment, a phage library is a population and the superinfection by helper phage. After introduction of 

of particles enriched for a preselected ligand binding speci- the expression vector, longer delay times before the addition 

fic of helper phage will allow for increased accumulation of the 

In* another cinbodiment a phage library comprises a 10 fusion proteins in the host celL 

population of particles wherein each particle contains at EXAMPLES 
least one fusion protein of this invention on the surface of 

the phage particle. The actual amount of fusion protein The following exaimiles are mtended to illustrate, but not 

present on the surface of a phage particle depends, in part. ^ mfi scopc of ^ invention, 
on the choice of coat protein membrane anchor present in the 

fusion protein. Where the anchor is derived from cpTJL there j Construction of a Dicis ironic Expression Vector 

are typically about 1 to 4 fusion proteins per phage particle. for Producing a Heterodimeric Receptor on Phage 

Where the anchor is derived from the more preferred cpVTH, Particles 
there is the potential for hundreds of fusion proteins on the 

particle surface depending on the growth conditions and * To obtain a vector system for generating a large number 
other factors as discussed herein. Preferably, a phage particle of Fab antibody fragments that can be screened directly, 
in a library contains from about 10 to about 500 cpVITJ- expression libraries in bacteriophage Lambda have previ- 
derived fusion proteins on the surface of each particle, and ously been constructed as described in Huse et aL. Science, 
more preferably about 20 to 50 fusion proteins per particle, 246:1275-1281 (1989). These systems did not contain 
Exemplary amounts of surface fusion protein are shown by 25 design features that provide for the expressed Fab to be 
the electron micrographs described in Example 4a that targeted to the surface of a filamentous phage particle, 
describe particles having about 20 to 24 cpVUI-derived Thc enteric* used in choosing a vector system was 
fusion proteins per particle. the necessity of generating the largest number of Fab frag- 
In another embodiment, the present invention contem- ^ ments which could be screened directly. Bacteriophage 
plates a population of phage particles that are the progeny of Lambda was selected as the starting point to develop an 
a single particle, and therefor all express The same hct- expression vector for three reasons. First, in vitro packaging 
erodimer on the particle surface. Such a population of phage of phage DNA was the most efficient method of reintroduce 
are homogeneous and donaily derived, and therefore pro- i ng DNA into host cells. Second, it was possible to detect 
vide a source for expressing large quantities of a particular 3J protein expression at the level of single phage plaques, 
fusion protein. An exemplary donaily homogeneous phage Finally, the screening of phage Hbrarics typically involved 
population is described in Example 4. less difficulty with nonspecific binding. The alternative. 

A filamentous phage particle in a library of this invention plasmid cloning vectors, are only advantageous in the anaty- 

is produced by standard filamentous phage particle prepa- sis of clones after they have been identified. This advantage 

ration methods and depends on the presence in a DNA 40 was not lost in the present system because of the use of a 

expression vector of this invention of a filamentous phage didstronic expression vector such as pCombVin. thereby 

origin of replication as described herein to provide the rxsmitting a plasmid containing the heavy chain, light chain, 

signals necessary for (1) production of a single-stranded or Fab expressing inserts to be exdsed. 

fflamentous phage repucativefom . ^ . 

"reptfeative form into a filamentous phage particle. Such a 45 a. Construction of Did Strom c Expression Vector 

DNA molecule can be packaged when present in a bacterial pCOMB 

cell host upon introduction of genetic complementatioD to (i) Preparation of Lambda Zap™ H 

provide the filamentous phage proteins required for produc- Lambda Zap™ II is a derivative of the original Lambda 
tion of infectious phage particles. A typical and pref erred • Zap (ATCC #40.298) that maintains all of the characteristics 

method for genetic complementation is to infect a bacterial 50 of the original Lambda Zap induding 6 unique cloning sites, 

host cell containing a DNA expression vector of this inven- fusion protein expression, and the ability to rapidly excise 

tion with a helper filamentous phage, thereby providing the the insert in the form of a phagemid (Bluescript SK-), but 

genetic elements required for phage parade assembly. lacks the SAM 100 mutation, allowing growth on many 

Exemplary helper rescue methods are described herein at Non-Sup F strains, induding XL 1 -Blue. The Lambda Zap™ 

Example 2. and described by Short et ai. Nuc. Acids Rcs^ 55 n was constructed as described in Short et aL. Nuc. Acids 

16:7583-7600 (1988). Res., 16:7583-7600. 1988, by replacing the Lambda S gene 

The level of heterodimeric receptor captured on the contained in a 4254 base pair (bp) DNA fragment produced 

surface of a filamentous phage particle during the process of by digesting Lambda Zap with the restriction enzynw NcoL 

phage particle extrusion from the host cell can be controlled This 4254 bp DNA fragment was replaced with the 4254 bp 

by a variety of means. In one embodiment, the levels of 60 DNA fragment containing the lambda S gene isolated from 

fu^sion proteins are controUed by the use of strong promoters Lambda gtlO (ATCC #40.179) after digesting *c vector 

in the first and second cistrons for expressing the with the restriction enzyme Nco L The 4254 bp DNA 

polypeptides, such that transcription of the fusion protein fragment isolated from lambda gtlO was ligated into the 

cistrons occurs at a relative rate greater than the rate of original Lambda Zap vector using T4 DNA ligase and 

transcription of the cpVUI gene on the hdper phage. In 63 standard protocols such as those described in Current Pro- 

another embodiment, the hdper phage can have an amber tocols in Molecular Biology. Ausubd et aL. eds.. John Wiley 

mutation in the gene for expressing cpVUI. such that less and Sons, NY. 1987. to form Lambda Zap™ H 
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(ii) Preparation of Lambda Hc2 

To express a plurality of V^oding DNA homologs in an 
£ colt host cell, a vector designated Lambda Hc2 was 
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solution was maintained at 37° C for 30 minutes and then 
lheT4 polynucleotide kinase was inactivated by m a in t ainin g 
the solution at 65° C. for 10 minutes. 



TABLE 3 



5' GGCCCHZAAAITCTXITTCAAGGAGACACrrCAr 3* 

5* AATGAAAIACCTATIXKXTACGGCAGCCCXnX5GArT 3' 

5* GTIATTACTCGCTGCCCAACCAGCCAltXXXX 3* 

5' CAGTTTCACCTGGGCCATGGC I XJJ ITGGG 3' 

5' CAGCGAOTAAIAACAATCCAGCGGCTGCCCnAGGCAATAG V 

5' GTATTTC AITATC ACTGTCTCCTIt3AAAIAG AATTT^ 3* 

5* ACXinXjAAACTGCTCGAGATTTCTAGACTAGTrACCCGTAC 3* 

y CGGAACGTTJXnACGGCnAACXAGTCTAGAAAICTCGAG 3* 

y GACGTTCCGGAClACGGTICTlAAX^GAArrCG 7 

5' TCX3ACGAATTCIAT1AAGAACCGTAGTC 3' 



SEQ. 




n>. no. 


<22) 


Nl) 


(23) 


N2) 


(24) 


N3) 


(25) 


N6) 


(26) 


N7) 


(27) 




(28) 


m-A) 


(29) 


N10-5) 


(30) 


Nil) 


(M) 


N12) 



constructed. The vector provided the following: the capacity 20 The completed synthetic DNAinsertwas Ugated directly 

frame; a ribosome binding site as described by Shine et at. had been pre ^ y ^8 ^ 

Katun, 254:34. 1975; a leader sequence directing the "g^^ to ^ n^ufacture's instructions using 

expressed protein to the periplasmic space designated the ^ Qjgj^^ n Gold packing extract available from Stratagene, 

pelB secretion signal; a polynucleotide sequence that coded ^ Calif The packaged ligation mixture was plated on 

fwa!mownepitc^(epitcpe ug);aDdakoarwlynucleotide XLI-Blue cells (Stratagene). Individual lambda plaques 

that coded for a spacer protein between the V^^coding DNA wcrc core d ^ mc inserts excised according to the in vivo 

homolog and the polynucleotide coding for the epitope tag. CTC j s i 0 n protocol for Lambda Zap™ II provided by the 

Lambda Hc2 has been previously described by Huse et aL ^ manufacturer (Stratagene). This in vivo excision protocol 

Science, 246:1275-1281 (1989). moved the cloned insert from the Lambda Hc2 vector into a 

To prepare Lambda Hc2. a synthetic DNA sequence phagemid vector to allow easy for manipulation and 

containing ail of the above features was constructed by sequencing. The accuracy of the above cloning steps was 

designing single stranded polynucleotide segments of 20-40 confirmed by sequencing the insert using the Sanger dideoxy 

bases that would hybridize to each other and form the double 35 method described in by Sanger et aL. Proc Natl. Acad. ScL 

stranded synthetic DNA sequence shown in FIG. 3. The USA, 74:5463-5467. (1977) and using the manufacture's 

individual single-stranded polynucleotide segments are instructions in the AMV Reverse Transcriptase S-ATP 

shown in Table 3. sequencing kit (Stratagene). The sequence of the resulting 

Polynucleotides N2. N3. NH Nil, N10-5, N6, N7 and double- stranded synthetic DNA insert in the V„ expression 
N8 (Table 3) were kinased by adding 1 ul of each poly- 40 vector (Lambda Hc2) is shown in FIG. 3. The sequence of 

nucleotide 0.1 imcrograms/microliter (ug/ul) and 20 units of each strand (top and bottom) of j£^J^^™*f 

T A polynucleotide kinase to a solution containing 70 mM sequence listing as SEQ. ID. NO. 1 and SEQ. ID. NO. 2, 

Tris-HCL pH 7.6. 10 mM MgQ 2 , 5 mM dithiothreUol respectively. The resultant Lambda Hc2 expression vector is 

(DTD. 10 mM b<^mercaptoethanol. 500 micrograms per shown in FIG. 4. 

milliliter (ug/ml) bovine serum albumin (BSA). The solution 45 (Hi) Preparation of Lambda Lc2 m 

was maintained at 37 degrees Centigrade (37* C) for 30 To express a plurality of V^-coding DNA homologs in an 

minutes and the reaction stopped by niaintaimng the solution E. colt host cell, a vector designated lambda ^ was 

at 65° C for 10 minutes. The two end polynucleotides, 20 constructed having the capacity to place the V^-coding DNA 

ng of polynucleotides Nl and polynucleotides N12. were homologs in the proper reading frame, provided a ribosome 
added to the above kinasing reaction solution together with 30 binding site as described by Shine et aL Nature, 25434 

Ho volume of a solution containing 20.0 mM TCs-HCl, pH (1975). provided the pelB gene leader sequence secretion 

7.4. 2.0 mM Mgd 2 and 50.0 mM Nad. This solution was signal that has been previously used to successfully secrete 

heated to 70° C f or 5 minutes and allowed to cool to room Fab fragments in E. coli by Ui et aL 7. ^f- v 169 ; 43 / 9 

temperature, approximately 25° C, over 1.5 hours in a 500 ( 1987) and Better et aL. Science, 240:1041 (1988). and also 
ml beaker of water. During this time period all 10 poly- 55 provided a polynucleotide containing a restriction endonu- 

nudeotides annealed to form the double stranded synthetic clease site for cloning. Lambda 1x2 ^f** fl f**™^ 

DNA insert shown in FIG. 3.Thc individual polynucleotides described by Huse et aL Science, 246:1275-1281 (1989). 

were covalentry linked to each other to stabilize the syn- A synthetic DNA sequence containing all of t^above 

thetic DNA insert by adding 40 ul of the above reaction to features was constructed by designing single stranded poly- 
a solution containing 50 mM Tris-HCL pH 7 J. 7 mM 60 nucleotide segments of 2(^60 bases thai : would hybridize to 

MgCL.l mM EOT. 1 mM adenosine triphosphate (ATP) and each other and form the double stranded synthetic DNA 

10 units of T4 DNA ligase. This solution was maintained at sequence shown in FIG. 5. The sequence of each ^dividual 

37° C for 30 minutes and then the T4 DNA ligase was single-stranded polynucleotide segment (01-08) within toe 

inactivated by m^^mng the solution at 65° C for 10 double stranded synthetic DNA sequence is shown in Table 
minutes. The end polynucleotides were kinased by mixing 65 4. 

52 ul of the above reaction. 4 ul of a solution containing 10 Polynucleotides 02. 03. 04, 05, 06 and 07 (Table 4) were 

mM ATP and 5 units of T4 polynucleotide kinase. This kinased by adding 1 ul (0-1 ugftil) of each polynucleotide 
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and 20 units of T 4 polynucleotide kinase to a solution Shine -Dalgarno ribosome binding site as shown in the 

containing 70 raM Tris-HCK pH 7.6. 10 mM MgCl. 5 mM sequence in FIG. 5 and in SEQ. ID. NO. 3. A Spe I 

DTT. 10 mM bcta-mercaptoethanol. 500 mg/ml of BSA. The restriction site is also present in Lambda Hc2 as shown in 

solution was maintained at 37° C. for 30 minutes and the FIGS. 3 and 4 and in SEQ. ID. NO. 1. A combinatorial 

reaction stopped by maintaining the solution at 65° C for 10 5 vector, designated pComb. was constructed by combining 

minutes. The 20 ng each of the two end polynucleotides. 01 portions of Lambda Hc2 and Lc2 together as described in 

and 08. were added to the above kinasing reaction solution Example la(iv) below. The resultant combinatorial pComb 

together with V^io volume of a solution containing 20.0 mM vector contained two Spe I restriction sites, one provided by 

Tris-HCl. pH 7.4. 2.0 mM MgCl and 15.0 mM sodium Lambda Hc2 and one provided by Lambda Lc2, with an 

chloride (NaCI). This solution was heated to 70° C. for 5 10 EcoR I site in between. Despite the presence of two Spe I 

minutes and allowed to cool to room temperature, approxi- restriction sites. DNA homologs having Spe I and EcoR I 

mately 25* C. over 13 hours in a 500 ml beaker of water. cohesive termini were successfully directionally ligated into 

During this time period all 8 polynucleotides annealed to a pComb expression vector previously digested with Spe I 

form the double stranded synthetic DNA insert shown in and EcoR I as described in Example lb below. The prox- 

FIG. 5. The individual polynucleotides were covalently is imity of the EcoR I restriction site to the 3* Spe I site, 

linked to each other to stabilize the synthetic DNA insert by provided by the Lc2 vector, inhibited the complete digestion 

adding 40 ul of the above reaction to a solution containing of the 3* Spe I site. Thus, digesting pComb with Spe I and 

50 ml Tris-HCl, pH 7.5. 7 ml MgCl. 1 mm DTT. 1 mm ATP EcoR I did not result in removal of the EcoR I site between 

and 10 units of T4 DNAligase. This solution was maintained the two Spe I sites. 

at 37° C. for 30 minutes and then the T4 DNA ligase was 20 The presence of a second Spe I restriction site may be 

inactivated by maintaining the solution at 65° C for 10 undesirable for ligations into a pComb vector digested only 

minutes. The end polynucleotides were kinased by mixing with Spe I as the region between the two sites would be 

52 ul of the above reaction. 4 ul of a solution containing 10 eliminated. Therefore, a derivative of Lambda Lc2 lacking 

mM ATP and 5 units of T4 polynucleotide kinase. This the second or 3' Spe I site, designated Lambda Lc3; is 

solution was maintained at 37° C. for 30 minutes and then 23 produced by first digesting Lambda 1x2 with Spe I to form 

theT4 polynucleotide kinase was inactivated by maintaining a linearized vector. The ends arc filled in to form blunt ends 

the solution at 65° C. for 10 minutes. which are ligated together to result in Lambda 1x3 lacking 

TABLE 4 

SEQ. 

n>. no. 



(32) 01) 5' TGAAnCTAAACTAGrTCGCCAAGGAGACAGTCAT 3' 

(33) 02) 5* AATOAAATACCXATrGCXrXACGGCAGCCXXrrXXjATT 3* 

(34) 03) 5' gtiattactccx:tocccaaccagccatggcc 3' 

(35) 04) 5" GAGCTCGTCAGTTCTAGAGTTAAGCGGCCG 3J 

(36) 05) 5' GTATnCATMTGAClU It 1LCJ I UGCGACTAGTTTAGAA- 

TTCAAGCT 3' 

(37) 06) 5" CAGCGAGTAAXAACAATTCAGCGGCTGCCXjrAGGCAAXAG 3' 
P8) 07) 5* TCACXJAGCICGGCCATGGCTGGTTGGG 3* 

(39) 08) 5* TCGACGGCCGCTTAACTCTAGAAC 3* 



The completed synthetic DNA insert was ligated directly a Spe I site. Lambda Lc3 is a preferred vector for use in 

into the Lambda Zap™ II vector described in Example constructing a combinatorial vector as described below. 

l(a)(i) that had been previously digested with the restriction 43 (iv) Preparation of pComb 

enzymes Sac I and Xho L The ligation mixture was pack- Fbagemids were excised from the expression vectors 

aged according to the manufacture's instructions using Lambda Hc2 or Lambda 1x2 using an in vivo excision 

Gigapack U Gold packing extract (Stratagene). The pack- protocol described above. Double stranded DNA was pre- 

aged ligation mixture was plated on XL1 Blue cells pared from the phagemid-containing cells according to the 

(Stratasene). Individual lambda plaques were cored and the 50 methods described by Holmes et ai. Anal Biochem., 

msertsexcised according to the in vivo excision protocol for 1 14: 193 (1981). The phagemids resulting from in vivo 

Lambda Zap™ II provided by the manufacturer cxdsion contained the same nucleotide sequences for anti- 

(Stratagene). This in Vivo excisioi protocol moved the cloning and expression as did the parent 

^ V s . ' *u * wj t *sy vA^tftr ifitrt a niaemiH vectors, and are designated phagemid Hc2 and 1x2, corre- 

doned insert from the lambda 1x2 vector into a pbsmid Lamr^ Hc2and 1x2. respectively, 

phagemid vector allow foreasy jnampulation and sequenc- 55 ^ £ ^ eo^toriTphageinid vector 

ing. The accuracy of the above cloning steps was confirmed ^ produced by combining portions of phagemid Hc2 

by sequencing the insert using the manufacture s instruc- and phagcmid j_xZ phagemid Hc2 was first digested with 

tions in the AMV Reverse Transcriptase S-dXTP sequenc- ^ j to ^j^vc the restriction site located 5' to the LacZ 

ing kit (Stratagene). The sequence of the resulting 1x2 promoter. The linearized phagemid was then blunt ended 

expression vector (Lambda 1x2) is shown in FIG. 5. Each 60 74 polymerase and ligated to result in a Hc2 phagemid 

strand is separately listed in the Sequence Listing as SEQ. lacking a Sac I site. The modified Hc2 phagemid and the 1x2 

ID. NO. 3 and SEQ. ID. NO. 4. The resultant 1x2 vector is phagemid were then separately restriction digested with Sea 

schematically diagrammed in FIG. 6. I and EcoR I and the linearized phagemids were ligated 

A preferred vector for use in this invention, designated together at their respective cohesive ends. The ligated 

Lambda Lc3. is a derivative of Lambda 1x2 prepared above. 63 phagemid vector was then inserted into an appropriate 

Lambda 1x2 contains a Spe I restriction site (ACTAGT) bacterial host and transformants were selected on the anti- 

located 3' to the EcoR I restriction site and 5* to the biotic ampicillin. 
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Selected ampicillin resistant transforms t5 were screened A preferred phagemid expression vector for use in this 

for the presence of two Not I sites. The resulting ampicillin invention, designated either pComb2-IH or pComb2-3. is 

resistant combinatorial phagemid vector was designated prepared as described above by directionally ligating the 

pComb. the schematic organization of which is shown in cpm membrane anchor-encoding PCR fragment into a- 

FIG. 7. The resultant combinatorial vector* pComb. con- 5 pComb2 phagemid expression vector via Spe I and Spe I 

sisted of a DNA molecule having two cassettes to express cohesive terminii. The pComb2-3 has only one Spe 1 restric- 

two fusion proteins and having nucleotide residue sequences tion site. 

for the following operatively linked elements listed in a 5* to Construction of pCBAK Vectors Having a 

y direction: a first cassette consisting of an induable LacZ Chloramphenicol Resistance Marker 

promoter upstream from the LacZ gene; a Not I restriction 10 

site; a ribosome binding site; a pelB leader; a spacer, a In order to utilize a different selectable marker gene, such 

cloning region bordered by a 5* Xho and 3' Spe I restriction as chloramphenicol acetyl transferase (CAT)- for the selec- 

site; a decapeptide tag followed by expression control stop tion of bacteria transformed with a vector of this invention, 

sequences; an EcoR I restriction site located 5* to a second expression vectors based on pComb were developed having 

cassette consisting of an expression control ribosome bind- 15 a gene encoding CAT and are designated pCBAK vectors, 

ing site; a pelB leaden a spacer region; a cloning region The pCBAK vectors are prepared by combining portions of 

bordered by a 5' Sac I and a 3' Xba I restriction site followed pCB and pComb. 

by expression control stop sequences and a second Not I (i) Preparation of pCB 

restriction site. pBlueScript phagemid vectors. pBC SK(-) and pBS SK(- 

A preferred combinatorial vector for use in this invention, 20 ). (Stratagene). were modified and combined to generate a 

designated pComb2. is constructed by combining portions third vector designated pCB as described below, 

of phagemid Hc2 and phagemid 1x3 as described above for pBC SK(-). which contains a chloramphenicol resistance 

preparing pComb. The resultant combinatorial vector, selectable marker gene, was digested with Bst BI and Hunt 

pCombZ consists of a DNA molecule having two cassettes ended with T4 polymerase. A second digestion with Pvu I 

identical to pComb to express two fusion proteins identically 25 allowed for the removal of a 1 Hlobasc (kb) fragment 

to pComb except that a second Spe I restriction site in the leaving a 2.4 kb linearized vector which retained the CAT 

second cassette is eliminated. selectable resistance marker gene, an inducible LacZ pro- 
moter upstream from the LacZ gene and a CoIEl origin 

b. Construction of Vectors pCombVUI and region. The 2.4 kb fragment was recovered. The pBS SK(-) 

pCombm for Expressing Fusion Proteins Having a ^ vcctor was digested with Aat n and blunt ended with T4 

Bacteriophage Coat Protein Membrane Anchor polymerase. A second digestion with Pvu I allowed for the 

Because of the multiple endonuclease restriction cloning isolation of an 800 base pair (bp) fragment containing the f 1 

sites, the pComb phagemid expression vector prepared origin of replication. Ligation of the pBS derived 800 bp fl 

above is a useful cloning vehicle for modification for the fragment with the 2.4 kb pBC fragment created a pCB 

preparation of an expression vector of this invention. To that 35 precursor vector containing a Sac I site, an fl origin of 

end. pComb is digested with EcoR I and Spe I followed by replication, a CAT selectable resistance marker gene. ColEl 

phosphatase treatment to produce linearized pComb. origin, a multiple cloning site (MCS) flanked by T 3 and T 7 

(i) Preparation of pCombVm promoters, and an inducible LacZ promoter upstream from 
A PCR product produced in Example 2g and having a LacZ gene. 

nucleotide sequence that defines a filamentous bacterioph- 40 The pCB precursor vector was then digested with Sac I 

age coat protein VHI (cpVTJI) membrane anchor domain and and biuni-ended with T4 polymerase. The T4 polymerase- 

cohesive Spe I and EcoR I termini was admixed with the treated pCB vector was then reiigated to form pCB vector 

linearized pComb to form a ligation adrnixture. The cpVTO- and is lacking a Sac I site, 

membrane anchor-encoding PCR fragment was direction- (if) Preparation of pCBAKO 

ally ligated into the pComb phagemid expression vector at 45 The pCB vector containing the CAT selectable resistance 

corresponding cohesive termini, mat resulted in forming marker gene was digested with Sac n and Apa I and treated 

pCombVra (also designated pComb8). pCombVUI contains with phosphatase to prevent religation and to form linearized 

a cassette defined by the nucleotide sequence shown in SEQ. pCB vector. The pComb vector prepared in Example l(aXrv) 

ID. NO. 116 from nucleotide base 1 to base 208. and was restriction digested with Sac H and Apa I to release a 

contains a pelB secretion signal operatively linked to the 30 fragment containing nucleotide residue sequences starting 5* 

cpvm membrane anchor. to the LacZ promoter and extending past the 3* end of the 

A preferred phagemid expression vector for use in this second Not I site. The Sac II and Apa I pComb DNA 

invention designated either pComb2-VIII or pComb2-8. is fragment was then directionally ligated into the similarly 

prepared as described above by directionally ligating the digested pCB vector to form phagemid expression vector 

cpVm membrane anchor-encoding PCR fragment into a 55 pCBAKO. Preferred pCBAK expression vectors are con- 

pComb2 phagemid expression vector via Spe I and EcoR I structed with pComb2. The resultant pCBAK expression 

cohesive terminii. The pComb2-8 has only one Spe I restric- vector contains only one Spe I restriction site, 

tion site. Preparation of pCBAK8 

(ii) Preparation of pCombm To prepare a pCBAK-based phagemid expression vector 
A separate phagemid expression vector was constructed 60 which encodes a bacteriophage coat protein membrane 

using sequences encoding bacteriophage cpm membrane anchor domain in the expressed fusion protein. pCB 

anchor domain. A PCR product defining the cpHI membrane phagemid cloning vector prepared in Example lc(u) was 

anchor and Spe I and EcoR I cohesive termini was prepared linearized by digestion with Sac H and Apa L The pCom- 

as described for cpVTJL the details of which are described in bVTJj phagemid expression vector, prepared in Example 

Example 2g. The cpm-derived PCR product was then 65 lb(i). was restriction digested with Sac II and Apa I to form 

ligated into linearized pComb vector to form the vector a fragment containing a nucleotide residue sequence starting 

pCombm (also designated pComb3). ? to the LacZ promoter and extending past the J end of the 
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second Not 1 site. The fragment was directionally ligated 9. If cpUt is used, the accumulation occurs on the tail of the 
into the linearized pCB cloning vector to form phagcroid bacteriophage. The advantage of the utilization of mem- 
expression vector pCBAK8. brane anchors from cpVffl over cpIH is two fold. Firstly, a 
(iv) Preparation of pCBAK3 multiplicity of binding sites, consisting of approximately 
The phagemid expression vector. pCBAK3. for the 5 2700 cpVIH monomers assembled in a tubular array, exist 
expression of fusion protein having cpIH membrane anchor along the particle surface. Secondly, the construct does not 
domains, was similarly constructed by directionally ligating interfere with phage infectivity. 
the Sac II and Apa I restriction digested fragment from a. Polynucleotide Selection 

pCombUI with Sac II and Apa I linearized pCB cloning The nucleotide sequences encoding the immunoglobulin 

vector. io protein CDR's are highly variable. However, there are 

several regions of conserved sequences that flank the V 

2. Construction of Didstronic Expression Vectors region domains of either the light or heavy chain, for 

for Expressing Anti-NPN Heterodimer on Phage instance, and that contain substantially conserved nucleotide 

Surfaces sequences. i.e.. sequences that will hybridize to the same 

V„andCl) ^ f ^^> d ^ V £g£23£ ">* Corporate restriction sites into the DNA 
are first targeted to the periplasm *^ homolog produced Sat are suitable for operatively linking 
of hetaodu^c Fab molecules. In order to obtain expre^- ^^iztd DNA fragments to a vector were ten- 
sion of antibody Fab ^t^nL&^liS » More specmcally^he primers are designed so that 
nucleotide residue sequences _ encoding either Ac : Fd or light DNAhomologs produced can be inserted into 
chains must be ; operatively linked to the nucleotide residue « of ^ invention in reading frame with 
sequence encoding a filamentous bacteriophage coal prottui jne^jpstoun translatable DNA sequence at the region of the 
n^an e anchor Twopreferr^coat proteins foruse m this ^J^™^ the ^^Ugrion means 
invention in providing a membrane anchor are Vm and HI \™* K & 
(cpvm and cpm. respectively). In the Exan^s described 25 ™g ^ catioo of Ac V „ domains, primers are 
herein, methods for ope^dvety linking^ urcsid^ designe H induce cohesive termini compatible with 
sequence encoding a Fd chain to omer cpVm or cpm ^ Xho I and Spe I sites of 
membrane anchors in a fusion protein of this invention are ^ ^ afm ^ m 4 VCLtor . For CTa £ le . ^ y 
described. 30 primer (primer 12A in Table 5). was designed to be comple- 

In a phagemid vector, a first and second astron consisting mcntaiy to mRNA in the J„ region. In all cases, the 5' 

of translatable DNA sequences are operatively linked to ptisDC[S r^rimers 1-10. Table 5) were chosen to be comple- 

form a didstronic DNA molecule. Each cistron in the mcmaxY t o the first strand cDNA in the conserved 

didstronic DNA molecule is linked to DNA expression ^terminus region (antisensc strand). Initially amplification 

control sequences for the coordinate expression of a fusion 3J was performed with a mixture of 32 primers (primer l.Tabie 

protdn. Fd-cpVm or Fd-cpffl. and a kappa light chain. 5) ^ WQX ^ cnciaXe al five positions. Hybridoma mRNA 

The first dstron encodes a periplasmlc secretion signal could be amplified with mixed primers, but initial attempts 

(pelB leader) operatively linked to the fusion protein, cither to amplify mRNA from spleen yielded variable results. 

Fd-cpVm or Fd-cpHL The second cistron encodes a second Therefore, several alternatives to amplification using the 

pelB leader operatively linked to a kappa light chain. The 40 mixed 5* primers were compared. 

presence of the pelB leader facilitates the coordinated but yh c fag alternative was to construct multiple unique 

separate secretion of both the fusion protein and light chain primers, eight of which are shown in Table 5, corresponding 

from the bacterial cytoplasm into the peripiasmic space. to individual members of the mixed primer pool. The 

The process described above is schematically dia- individual primers 2-9 of Table 5 were constructed by 

grammed in FIG. 8. Briefly, the phagemid expression vector 45 incorporating either of the two possible nucleotides at three 

carries a chloramphenicol acetyl transferase (CAT) select- of the five degenerate positions. 

able resistance marker gene in addition to the Fd-cpVTH The second alternative was to construct a primer contain- 

fusion and the kappa chain. The f 1 phage origin of replica- fog inosine (primer 10. Table 5) at four of the variable 

tion facilitates the generation of single stranded phagemid. positions based on the published work of Takahashi. et al.. 

The isopropyl thiogalactopyranoside (IPTG) induced 50 Proe. Natl Acad. ScL {USA.). 82:1931-1935. (1985) and 

expression of a didstronic message encoding the Fd-cpVm Ohtsuka et al.. J. Biol Chenu. 260:2605-2608. (1985). This 

fusion (V„, C w ,, cpVTH) and the light chain (V t . CJ leads primer has the advantage that it is not degenerate and, at the 

to the formation of heavy and light chains. Each chain is . same time minimizes the negative effects of mismatches at 

delivered to the peripiasmic space by the pelB leader the unconsented positions as discussed by Martin etaL.Afac. 

sequence, which is subsequently deaved. The heavy chain is 55 Acids Res., 13:8927 (1985). However, it was not known if 

anchored in the membrane by the cpvm membrane anchor the presence of inosine nucleotides would result in incor- 

domain while the light chain is secreted into the periplasm poration of unwanted sequences in the cloned \ H regions. 

The heavy chain in the presence of light chain assembles to Therefore, inosine was not induded at the one position that 

form Fab molecules. This same result can be achieved if. in remains in the amplified fragments after the deavage of the 

the alternative, the light chain Is anchored in the membrane 60 restriction sites. As a result, inosine was not in the cloned 
via a light chain fusion protein having a membrane anchor insert. 

and heavy chain is secreted via a pelB leader into the Additional V H amplification primers including the unique 

periplasm 3* primer were designed to be complementary to a portion of 
With subsequent infection of EL coti with a hdper phage. the first constant region domain of the gamma 1 heavy chain 
as the assembly of the filamentous bacteriophage progresses. 65 mRNA (primers 16 and 17, Table 5). These primers will 
the coat protein Vm is incorporated along the entire length produce DNA homologs containing polynudcotides coding 
of the filamentous phage parades as shown in FIGS. 8 and for amino adds from the W H and the first constant region 
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domains of the heavy chain. These DNA homologs can 
therefore be used to produce Fab fragments rather than an 

Additional unique 3' primers designed to hybridize to ^ 
similar regions of another class of immunoglobulin heavy 
chain such as IgM. IgE and IgA are contemplated. Other 3' 
primers that hybridize to a specific region of a specific class 
of CHj constant region and are adapted for transferring the 
V H domains amplified using this primer to an expression ^ 
vector capable of expressing those V„ domains with a 
different class of heavy or light chain constant region are 
also contemplated. 

As a control for amplification from spleen or hybridoma 
mRNA. a set of primers hybridizing to a highly conserved EJ 
region within the constant region IgG. heavy chain gene 
were constructed. The 5* primer (primer 11. Table 5) is 
complementary to the cDNA in the C„2 region whereas the 
3' primer (primer 13. Table 5) is complementary to the 
mRNA in the C«3 region. It is believed that no mi sm a t ches M 
were present between these primers and their templates. 

The primers used for amplification of heavy chain Fd 
fragments for construction of Fabs are shown at least in 
Table 5. Amplification was performed in eight separate 
reactions, each containing one of the 5* primers (primers 23 
2-9) and one of the 3' primers (primer 16> The remaining * 
5 primers that have been used for amplification in a single 
reaction are either a degenerate primer (primer 1) or a primer 
that incorporates inosine at four degenerate positions 
(primer 10. Table 5. and primers 17 and 18, Table fj). The 30 
remaining 3* primer (primer 14. Table 6) has been used to 
construct V v fragments. Many of the 5* primers incorporate 
a Xho I site, and the 3* primers incorporate a Spe I restriction 
site for insertion of the V„ DNA homolog into the phagemid 
Hc2 expression vector (FIG. 4). 35 

V H amplification primers designed to amplify human 
heavy chain variable regions are shown in Table 6. One of 
the 5* heavy chain primer contains inosine residues at 
degenerate nucleotide positions allowing a single primer to 
hybridize to a large number of variable region sequences. 40 
Primers designed to hybridize to the constant region 
sequences of various IgG mRNAs are also shown in Table 
6. 



(ii) V L Primers 

The nucleotide sequences encoding the V L CDRs are 
highly variable. However, there are several regions of con- 
served sequences that flank the CDR domains including 
the J L . framework regions and V L ieader/promotor. 
Therefore, amplification primers were constructed that 
hybridized to the conserved sequences and incorporate 
restriction sites that allow cloning the amplified fragments 
into the phagemid Lc2 vector cut with Sac I and Xba L 

For amplification of the V L CDR domains, the 5' primers 
(primers 1-8 in Table 6) were designed to be complementary 
to the first strand cDNA in the conserved N^crminus region. 
These primers also introduced a Sac I restriction endonu- 
clease site to allow the DNA homolog to be cloned into 
the phagemid Lc2 expression vector. The 3* amplification 
primer (primer 9 in Table 6) was designed to be comple- 
mentary to the mRNA in the J L regions and to introduce the 
Xba I restriction endonuclease site required to insert the V L 
DNA homolog into the phagemid Lc2 expression vector 
(FIG. 6). 

Additional 3' V L amplification primers were designed to 
hybridize to the constant region of either kappa or lambda 
mRNA (primers 10 and 11 in Table 6). These primers allow 
a DNA homolog to be produced containing polynucleotide 
sequences coding for constant region amino acids of either 
kappa or lambda chain. These primers make it possible to 
produce an Fab fragment rather than an F^ 

The primers used for amplification of kappa light chain 
sequences for construction of Fabs are shown at least in 
Table 6. Amplification with these primers was performed in 
5 separate reactions, each containing one of the 5* primers 
(primers 3-6. and 12) and one of the 3' primers (primer 13). 
The remaining 3' primer (primer 9) has been used to 
construct Fv, fragments. The 5* primers contain a Sac I 
restriction site and the 3* primers contain a Xba I restriction 
site, 

amplification primers designed to amplify human ligjit 
chain variable regions of both the lambda and kappa iso- 
types are also shown in Table 6. 

All primers and synthetic polynucleotides described 
herein, including those shown in Tables 3-7 were either 
purchased from Research Genetics in Huntsville. Ala. or 
synthesized on an Applied Biosystems DNA synthesizer, 
model 381 A. using the manufacturer's instruction. 



TABLES 



(1) yAQcrr(OGXOA)A<G/A)CT(Gn')CT^^ ? 

(2) 3 'AOGTCCAGCTOCTC GAGTCTGO 3* 

(3) jaggtccagctgcicgagtcago r 

(4) 5'AGGTCCAGCTTCTCG AG" IC IGG 7 

(5) yAGGTCCAGCTTCTCOAGTCAGG 3* 

(6) yAGGTCCAACTGCTCGAU 1 C TOG 3' 

(7) yAGGTCCAACTOCTCGAGTCAGG 7 

(8) yAGGTCCAACTItnCGAGTCTCG 7 

(9) 5AGGTCCAACI IL.1CGAGTCAGO 3* 

(10) 5"AGGTIKNANCrNCTCOACrrC(TyA]GO 3* 

(11) 5GCCCAAGGAIU1GC1CACC 3* 



degenerate 5 1 primer for the amplification 
of mouse and human hcary chain variable 
regions (V„) 

Unique $ primer for the amplification 
of moose and human V H 
Unique S primer for the implication 
of mouse and human V H 
Unique 5* primer for the amplification 
of mouse and human V H 
Unique S p r im er for the amplification 
of mouse and human V K 
Unique 5* primer for the ampIiScatioo 
of mouse and human V H 
: Unique 5* primer for the amplication 
erf mouse art human V H 
Unique S primer for the ■nro l iftr ar in n 
of mouse and human V H 
Unique 5* primer for the ampli5catioQ 
of mouse and human V H 
5" degenerate primer containing inosine al 
A <k generate positions for amplification of 



5 primer for amplification in the C M 2 
region of mouse 1<G1 
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TABLE 5-conlinued 



(12) 5"CnATTAGAAITCAACGGTAACAGrrGGTGCCTTGGCCCCA 3' 
(12A) yClATTAACTAGTCAACtjGTAACACjrTCXjTC CCCCA 3* 

(13) 5-CTCACTATGG1UG1 lOIGC 7 

(14) 5 GCTACTAGTTrKxATTTCC ACCTTGG 7 

(1 5) 5*CAGCC ATCGCCGACATCCAGATG 3* 

(16) y AATTTIACTAGTC AC CTTGGTX3CTTjCTGGC 3* 

(17) 5XMGC AACTAGTAC AACC AC AATC CCTGGGC AC AATTTT 3* 

(18) y AGGCTTACIAGTAC AATTXXnt3GGCAC AAT 3* 



3 primer for amplification of V H and 
. introducing a 3' Eco RI site 
3* primer for amplification of V H using 3* 
Spe I site 

3' primer for amplification ia the C H 3 

region of mouse IgGl 

3* primer for amplification of mouse kappa 

fight chain variable regions (V^) 

5 primer for amplification of mouse lappa 

Eght chain variable regions 

Unique 3' primer for amplification of V H 

including part of the mouse gamma 1 first 

constant region 

Unique 3* primer for amplification of Fd 
including pari of mouse IgGl first constant 
region and hinge region 
3* primer for amplifying mouse Fd including 
part of the mouse IgG first constant region 
and part of the hinge region 



TABLE 6 



(1) S CCACrrCCGAGClUJ rTGTGACTCAGGAATCT 3* 

(2) 5' CCAGTTtXGAGCItXn"GTTGACXKlACKXX3CCC 3* 

(3) 5' CXlAGTITXTG AGCTTXTGCTC ACCC AGTCTCC A 3* 

(4) y CCACTITCCOAGCTCCAGATGACCCACrrcriCCA 3' 

(5) y CCAGATGTGAGCTCGTCATGACCX^AGACTCCA 7 

(6) y CCAGATGrGAGCTCGTCAIGACCCACnCrCCA T 
<7) y CCAGAirjIGAGCTCTTCATCACCCAAACTCAA 7 

(8) y CCAGATC7IGAGCTCGTCATAACCCAGGATGAA 3" 

(9) y CXTAGCATTClAGAGTITCACKTrcCAGC^ 3* 



(10) y CCCCanrjrAGAACACTCAl lUJlUi IGAAGCT 7 

(11) y CCGCCGTCTAGAACAriCTQCAGGAGACAGACTy 

(12) y CCAGTrcCGAGCTCGIGATQACACAGTCTCCA 3* 

(13) y GCGCCGICTAGAATEAACACTICATTCCTCTIGAA 3* 

(14) y <nXTTAACIAGTAA(XXjtAACAGTC 3* 
-(15) S ACXXTTIACTACTACAATCXCTGGGCACAAT 3' 

(16) y (XICGCTCTAGAACACTCATrcCTtJTTGAA 3* 

(17) 5* AGGTIlAKnTCTCGAGTCTGC 3' 

(18) 5* AGGrHAlCnCrCGAGTCAGC 3* 

(19) 5* GTGCCAGATGTGAGCTOntSATGACCC AuitiCCA 3* 

(20) y TCCTTCTAG ATTACTAACACTCTCCCCio l ioAA 7 

(21) 5* GCATICTAGACXATTAIGAACATTCIGTAGGGGC 3' 

(22) y CTGC ACAGGCTCCTGGOCr GAGC1CG' rtjOTGACTCAG 3* 

(23) y AGT1X3C AITTCCTCGAJU i u TGG 3* 

(24) y GTGGGCATOTGTGAGTlTJITJTCACTA^^ 3* 

(25) y AGCATCACTAGTACAAGATTTGGGCTC 3* 



Unique y primer far the amplication 
of kappa light chain variable regions 
Unique y primer for the ampbeation 
of kappa light chain variable regions 
Unique y primer for the amplication 
of kappa light chain variable regions 
Unique y primer for the amplication 
of kappa light chain variable regions 
Unique S primer for the amplication 
of kappa light chain variable regions 
Unique S primer for the amplication 
of kappa light chain variable regions 
Unique 5* primer for the amplication 
of kappa light chain variable regions 
Unique 5* primer for the amplication 
of kappa tight chain variable regions 
Unique 3* primer for amplification of 
kappa light chain variable legions 
Unique 3* primer for mouse kappa Eght 
chain amplification including the 



Unique 7 primer for mouse lambda fight 
chain amplification including the 
constant region 
Unique 5* primer for V L 
amplification 

Unique 3* primer for amplification of 
kappa light chain 

Unique 3* primer for amplification of 
mouse Fv 

Unique 7 primer for amplification 
of mouse IgG Fd 
Unique 7 primer for amplification 
of mouse kappa tight chain 
Degenerate 5' primer containing 
inosine at 4 degenerate p o si tion s for 
amplifying mouse Vj| 
Degenerate 5* primer containing 
inosine at 4 degenerate positions fur 
' amplifying mouse V H 
Unique S pri m er for human and mouse 
kappa V L amplification 
Unique 3* primer for kappa 
V L amplification 

Unkjue 3* primer for human, mouse and 
rabbit lambda V L amplification 
Unique 5* primer for human lambda 
V L amplification 

5* degenerate primer for human V H 
amplification containing inosine 
at 3 degenerate positions 
Unique 3* primer for human V H 
axnplificaliQQ 

Unique 3* primer for Krrrr " r> IgGl Fd 
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TABLE 6-continued 



(26) J AGCArCACttGTACAAGXnTGCGCTC 3' 

(27) 5* AGGTGCAGCTGCTCGAGTCGGG T 

(28) 5 AGGTTGCAACroCTCGAGTCTGG 3* 

(29) yAGGTGCAACTGCTCGAGTCGGOy 

(30) 5" TCCTTCTAGATTACTAACACTC^^ 3* 

(31) 5- CTGC ACAGGG7CCTGGGCC G AGCTCGTGGTG ACTCAG 3' 

(32) 5 GCATICTAGACTAITAACATTCTGTAGGGGC 3' 

(33) 5* ACCCAAGGACACOCTCATG 3* 

(34) 5" CTCAGTATGGTGOl 1UIGC 3* 

(35) 5 GTCTCACTACnCTOCACCAAGGGCCCArCGGTC 3' 

(36) y AIAIACTAGTG AGACAGTO AC CAGGCr 1 1 CX 1 1GGCCCCA 3* 

(37) y ACGTCTAGATTCCACCTTGGTCCC 3* 

(38) y GCA^CIAGTCTAriAACAnCICnAGGGGC 3* 

(39) y CCGGAATTCTIATCATnACCCGGAGA 3' 

(40) y TCTGCACTAGTrGG AATGGGCACATGCAG 3* 



amplification 

Unique 3' primer for amplification 
of human variable regions (V H ) 
Unique 3' primer for amptificttkm 
of bumaxi variable regions (V||) 
Unique 3* primer for amplification 
of human variable regions (V „) 
Unique 3' primer for amplification 
of human variable regions (V h) 
3' primer in buman kappa light chain 
coos tart region 

5' primer for amplification of human 
la roWH light chain variable regions 
y primer in human lambda light chain 
constant region 

Control primer hybridizing to the 

buman CH 2 region 

Control primer hybridizing to the 

human CH, region 

5' primer for amplifying human IgO 

heavy cnaio first constant region 

3' pj fi nf for amplifying human heavy 

chain variable regions 

3' primer for amplifying human fcapp 

chain variable regions 

5' primer for amplifying human kappa 

light chain constant region 

3' primer located in the CH3 region of 

buman IgGl to amplify the entire heavy 

chain 

3' primer for amplifying the Fd region 
of mouse IgM 



The 19 primers listed in Table 5 have been listed in the 
Sequence Listing and have been assigned the following 
SEQ. ID. NO.: 

(1) =SEQ. ID. NO. 40 

(2) =SEQ. D>. NO. 41 
(3>=SEQ. ID. NO. 42 
(4>=SEQ. ID. NO. 43 
(5>=SEQ. ID. NO. 44 
(6>=SEQ. ID. NO. 45 
(7>=SEQ. ID. NO. 46 
(8>=SEQ. ID. NO. 47 
(9>=SEQ. ID. NO. 48 
(10>=SEQ. ID. NO. 49 
(11>SEQ. ID. NO. 50 

(12) =SEQ. ID. NO. 51 
(12A)=SEQ. ID. NO. 52 

(13) =SEQ. ID. NO. 53 

(14) =SEQ. DO. NO. 54 

(15) =SEQ. ID. NO. 55 
(16>SEQ. ID. NO. 56 
(17)=SEQ. ID. NO. 57 
(lo>SEQ. ID. NO. 58 

The 40 primers listed as "(1)" through "(40)" in Table 6 
have also been individually and sequentially listed in the 
Sequence Listing beginning with SEQ. ID. NO. 59 through 
SEQ. ID. NO. 9S\ respectively. 

b. Reparation of a Repertoire of Genes Encoding Immuno- 
globulin Variable Domain 

tTinTjphenylphosphonainidate (NPN) was selected as the 
ligand for receptor binding in preparing a heterc)dimeric 
receptor according to the methods of the invention- 
Keyhole limpet bemocyanin (KLH) was conjugated to 
NPN to form a NPN-KLH conjugate used fox i mmunizin g a 
mouse to produce an anti-NFN immune response and 
thereby provide a source of ligand specific hcterodimeric 
receptor genes. 
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The NPN-KLH conjugate was prepared by admixing 250 
pj of a solution containing 2-5 mg of NPN in dimethylfor- 
mamide with 750 ul of a solution containing 2 mg of KLH 
in 0.01 Molar (M) sodium phosphate buffer (pH 12). The 
two solutions were admixed by slow addition of the NPN 
solution to the KLH solution while the KLH solution was 
being agitated by a rotating stirring bar. Thereafter the 
admixture was maintained at 4° C for 1 hour with the same 
agitation to allow conjugation to proceed. The conjugated 
40 NPN-KLH was isolated from the nonconjugated NPN and 
KLH by gel filtration through Sephadex G-25. The isolated 
NPN-KLH conjugate was injected into mice as described 
below. 

The NPN-KLH conjugate was prepared for injection into 
mice by adding 100 ug of the conjugate to 250 ul of 
phosphate buffered saline (PBS). An equal volume of com- 
plete Freund's adjuvant was added and emulsified the entire 
solution for 5 minutes. A 129 G, x + mouse was injected with 
300 ul of the emulsion. Injections were given subcutane- 
ousiy at several sites using a 21 gauge needle. A second 
immunization with NPN-KLH was given two weeks later. 
This injection was prepared as follows: 50 micrograms (pg) 
of NPN-KLH were diluted in 250 ul of PBS and an equal 
volume of alum was admixed to the NPN-KLH solution. 
55 The mouse was injected intraperitoneally with 500 ul of the 
solution using a 23 gauge needle. One month later the mice 
were given a final injection of 50 ug of the NPN-KLH 
conjugate diluted to 200 ul in PBS. This injection was given 
intravenously in the lateral tail vein using a 30 gauge needle. 
60 Five days after this final injection the mice were sacrificed 
and total cellular RNA was isolated from their spleens. 

Total cellular RNA was prepared from the spleen of a 
single mouse immunized with KLH-NPN as described 
above using the RNA preparation methods described by 
65 Chomczynsfci et aL. Anal Biodtenu. 162:156-159 (1987) 
and using the RNA isolation kit (Stratagene) according to 
the manufacturer's instructions. Briefly immediately after 
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removing the spleen from the immunized mouse, the tissue polynucleotides, i.e.. greater than about 10 4 different 

was homogenized in 10 ml of a denaturing solution con- V^-coding genes, and contains a similar number of 

taining 4.0M guanine isothiocyanate. 0.25M sodium citrate V L -coding genes. Thus, the mRNA population represents a 

at pH 7.0. and 0.1M beta- mere apt oethano! using a glass repertoire of variable region-coding genes, 
homogenizer. One ml of sodium acetate at a concentration of 5 c . Preparation of DNA Homologs 

2M at pH 4.0 was admixed with the homogenized spleen. jjj preparation for PCR amplification. mRNA prepared 

One ml of phenol that had been previously saturated with above is used as a template for cDNA synthesis by a primer 

H 2 0 was also admixed to the denaturing solution containing extension reaction. In a typical 50 pi transcription reaction, 

the homogenized spleen. Two ml of a chlorofonmisoamyl ug ^ spleen mRNA in water is first hybridized 
alcohol (24:1 v/v) mixture was added to this homogenate. w (anncalcd ) with 500 ng (50.0 pmol) of the T V„ primer 

The homogenate was mixed vigorously for ten seconds and (piimer 12 a Table 5). at 65° C. for five minutes, 

maintained on ice for 15 minutes. The homogenate was then S u bscqucnt iv the mixture is adjusted to 1.5 mM dATP. 

transferred to a thick-wailed 50 ml po^ropyiene cenm- dCn T dGY? Md ^ 40 mM Tris-HCl. pH 8.0. 8 mM 

an equal volume of isopropyl alcohol. This solution was at ^>- ^ . . . . . inn . 
maintained at -20° C. foratleast one hour to precipitate the PCR amplificatioD is performed u> a 100 ul reaction 
RNA. The solution containing the precipitated RNA was containing the products of the reverse transcrmtton reaction 
centrifuged at lO.OOOxg for twenty minutes at 4° C. The 20 (approximately 5 ug of the cDNA/RNA hybnd). 300 ng of 
pelleted total ceUular RNA was collected and dissolved in 3 3' V w primer (primer 12A of Table 5). 300 ng each of the 5 
ml of the denaturing solution described above. Three ml of V„ primers (primers 2-10 of Table 5) 200 mM of a mixture 
isopropyl alcohol was added to the re-suspended total eel- of dNTP's, 50 mM KCI. 10 mM Tris-HCl pH 8.3. 15 mM 
lular RNA and vigorously mixed. This solution was main- MgCl* 0.1% gelatin and 2 units of Thermus aquaticus (Taq) 
tained at -20° C for at least 1 hour to precipitate the RNA. 25 DNA polymerase. The reaction mixture is overlaid with 
The solution containing the precipitated RNA was centri- mineral oil and subjected to 40 cycles of amplification. Each 
fueed at lO.OOOxg for ten minutes at 4° C The pelleted RNA amplification cycle includes denaturauon at 92 C. for 1 
was washed once with a solution containing 75% ethanoL mmute. awicaling at 52° C.for2nimmesandpolynudeoude 
The pelleted RNA was dried under vacuum for 15 minutes synthesis by primer extension (elongation) at 72 C for 13 
and Sen re-suspended in dimethyl pyrocarbonate (DEPC) 30 minutes. The amplified V^coding DNA homolog contain- 
treated (DEPC-H 2 0) H a O. ">g samples are then extracted twice with phenol/ 

Messenger RNA (mRNA) enriched for sequences con- chloroform, once with chloroform, ethanol precipitated and 
taining long poly A tracts was prepared from the total are stored at -70° C. in 10 mM Tris-HCl, pH 73. and 1 mM 
cellular RNA using methods described in Molecular don- EDTA. . _ , 

ing:AUbomtoryManuaLU^^ct^^Co\^Sv^% 35 Using unique 5* primers (2-9. Table 5). efficient 
Harbor N Y. (1982). Briefly, one half of the total RNA V^coding DNA homolog synthesis and amplification from 
isolated from a swgle immunized mouse spleen prepared as the spleen mRNA is achieved as shown by agarose gel 
described above was re- suspended in one ml of DEPC-H 2 0 electrophoresis, The amplified cDNA (V^ooding DNA 
and maintained at 65° C. for five minutes. One ml of 2xhigh homolog) was seen as a major band of the expected size (360 
salt loading buffer consisting of 100 mM Tris-HCl (Tris 40 bp). The amount the amplified V^oding polynucleotide 
[hydroxymethyl] amino methane hydrochloride). 1M fragment in each reaction is similar, indicating that all of 
sodium chloride (NaCl). 2.0 mM disodium ethylene diamine these primers were about equally efficient m initiating 
tetra-acetic acid (EDTA) at pH 73 r and 0.2% sodium amplification.The yield and quality of me amplification with 
dodecyl sulfate (SDS) was added to the re-suspended RNA these primers is reproducible. 

and the mixture allowed to cool to room temperature. The 45 The primer containing inosine also synthesizes amplified 
mixture was then applied to an oligo-dT (Collaborative V^-coding DNA homologs from spleen mRNA 
Research Type 2 or Type 3) column that was previously reproducibly. leading to the production of the expected sized 
prepared by washing the oligo-dT with a solution containing fragment, of an intensity siinilar to that of the omer arnpli- 
0.1M sodium hydroxide and 5 mM EDTA and then equili- fied cDNAs. The presence of inosine also permits efficient 
brating the column with DEPC-H 2 0. The eiuate was col- 50 DNA homolog synthesis and amplification, clearly indicat- 
lected in a sterile polypropylene tube and reapplied to the ing that such primers are useful in generating a plurality of 
same column after heating the eiuate for 5 minutes at 65° C V^coding DNA homologs. Amplification products 
The oligo dT column was men washed with 2 ml of high salt obtained from the constant region primers (primers 11 and 
loading buffer consisting of 50 mM Iris-HQ. pH 73. 500 13, Table 5) are more intense indicating that amplification 
mM sodium chloride. 1 mM EDTA at pH 73 and 0. 1% SDS. 55 was more efficient possibly because of a higher degree of 
Tne oligo dT column was then washed with 2 ml of homology between the template and primers. Following the 
Ixmedium salt buffer consisting of 50 mM Tris-HCl pH 73, above procedures, a V^coding gene library is constructed 
100 mM 1 mM EDTA and 0. 1% SDS. The messenger RNA from the products of eight amplifications, each performed 
was eluted from the oligo dT column with 1 ml of buffer with a different 5 T prima. Equal portions of the products 
consisting of 10 mM Tris-HQ, pH 73. 1 mM EDTA. at pH 60 from each primer extension reaction are mixed and the 
73. and 0.05% SDS. The messenger RNA was purified by mixed product is then used to generate a library of 
extracting this solution with phenol/chloroform followed by V^-coding DNA homolog-containing vectors, 
a single extraction with 100* chloroform. The messenger DNA homologs of the W L are also prepared from the 
RNA was concentrated by ethanol precipitation and purified mRNA prepared as described above. In preparation 
re-suspended in DEPC H a O. 65 for PCR amplification. mRNA prepared according to the 

The messenger RNA (mRNA) isolated by the above above examples is used as a template for cDNA synthesis, 
process contains a plurality of different V„ coding In a typical 50 ul transcription reaction, 5-10 ug of spleen 
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mRNA in water is lint annealed with 300 ng (50.0 pmol) of prepared V„ DNA hornologs are then directly inserted into 
the 3- V, primer (primer 14. Table 5). at 65" C. for five the Xho I and Spe I restriction digested Lambda Hc2 
minutes. Subsequently, the mixture is adjusted to 1.5 mM expression vector that prepared above by ligating 3 moles of 
dATP dCTP. dGTP. and dTTP. 40 mM Tris-HCl. pH 8.0. 8 V„ DNA homolog inserts with each mole of the Hc2 
mM MgCl,. 50 mM NaCl. and 2 mM spermidine. Moloney- 5 expression vector overnight at 5° C. Approximately 3.0xl<r 
Murine Leukemia virus reverse transcriptase (Stratagene). plague forming units are obtained after packaging *cDNA 
26 units is added and the solution is maintained for 1 hour with Gigapack E Bold (Stratagene) of which 503 . are 
at 37° C The PCR amplification is performed in a 100 ul recombinants. The ligation mixture containing the V w DNA 
reaction containing approximately 5 ug of the cDNA/RNA homologs are packaged according to the manufacturers 
hybrid produced as described above. 300 ng of the 3' V t to specifications using Gigapack Gold n Packing Extract 
primer (primer 14 of Table 5). 300 ng of the 5' V t primer (Stratagene). The resulting Lambda Hc2 expression libraries 
(primer 16 of Table 5). 200 mM of a mixture of dNTP's. 50 are then transformed into XLl-Blue cells. 
mM KC1. 10 mM Tris-HCl. pH 83. 15 mM MgClj. 0.1% To prepare a library enriched in V t sequences. PCR 
gelatin and 2 units of Taq DNA polymerase. The reaction amplified products enriched in V t sequences are prepared 
mixture is overlaid with mineral oil and subjected to 40 is according to Example 2c These V L DNA homologs are 
cycles of amplification. Each amplification cycle includes digested with restriction enzymes Sac I and Xba I and the 
denaturation at 92° C. for 1 minute, annealing at 52° C. for digested V t DNA homologs are purified on a 1% agarose gel 
2 minutes and elongation at 72° C for 1.5 minutes. The as described above for the V„ DNA homologs to form a 
amplified samples are men extracted twice with phenol/ repertoire of V t -polypepade genes adapted for directional 
chloroform, once with chloroform, ethanol precipitated and 20 ligation. The prepared V t DNA homologs are then direc- 
are stored at -70° C. in 10 mM Tris-HO. 7.5 and 1 mM tionally ligated into the Lambda Lc2 expression vector 
EiyTA. previously digested with the restriction enzymes. Sac I and 

d. Insertion of DNA Homologs into a DNA Expression Xba I as described for Lambda Hc2. The ligation mixture 
Vector containing the V t DNA homologs is packaged to form a 

To prepare an expression library enriched in V„ 25 Lambda Lc2 expression library as described above and is 
sequences. DNA homologs enriched in V„ sequences are ready to be plated on XLl-Blue cells, 
prepared according to Example 2c using the same set of 5' e. Randomly Combining V„ and \ L DNA Homologs on the 
primers but with primer 12A (Table 5) as the 3' primer. The Same Expression Vector 

resulting PCR amplified products (Z5 ug/30 ul of 150 mM The construction of a library containing vector? for 
NaCl 8 mM Tris-HQ. pH 7.5. 6 mM MgSO,. 1 mM DTT. 30 expressing two cistrons that express heavy and light chains 
200 ug/ml BSA) are digested at 37° C. with restriction is accomplished in two steps. In the first step, separate heavy 
enzyniesXhoI(125uiiits)andSpeI(125uiiits).Incloning and light chain libraries are constructed in the expression 
experiments which required a mixture of the products of the vectors Lambda Hc2 and Lambda 1x2. respectively, as 
amplification reactions, equal volumes (50 ul. 1-10 ug described using gene repertoires obtained from a mouse 
concentration) of each reaction mixture are combined after 35 immunized with NPN-KLH. In the second step, these two 
amplification but before restriction digestion. The V„ libraries are combined at the anusymmetncEcoR I sites 
homologs are purified on a 1* agarose gel using the present in each vector. This resulted in a library of clones 
standard electro-elution technique described in Molecular each of which potentially co-expresses a heavy and a light 
Cloning A Laboratory Manual. Maniatis et aL. eds.. Cold chain. The actual combinations are random and do not 
Spring Harbor. N.Y..( 1982). After gel electrophoresis of the 40 necessarily reflect the combinations present in me a-ceu 
digested PCR amplified spleen mRNA. the region of the gel population in the parent animal. 

containing DNA fragments of approximate 350 bps is The spleen mRNA resulting from toe above imrnuntza- 
excised. electro-eluted into a dialysis membrane, ethanol tions (Example 2b) is isolated and used to create a primary 
precipitated and re-suspended suspended in a TE solution library of V w gene sequences using the Lambda Hc2 expres- 
rontakine 10 mM Tris-HCl. pH 7.5 and 1 mM EDTA to a 45 sioh vector. The primary library contains 13x10 plaque- 
final concentration of 50 ng/uL The resulting V„ DNA forming units (pfu) and can be screened for the expression 
homologs represent a repertoire of polypeptide genes having of the decapeptide tag to determine the percentage of clones 
cohesive termini adapted for directional ligation to the expressing V„ and C„l (Fd) sequences. The sequence for 
vector Lambda Hc2. These prepared V„ DNA homologs are this peptide is only in frame for expression following the 
then directly inserted by directional ligation into linearized so cloning of a Fd (or V„) fragment into the vector. At least 
Lambda Hc2 expression vector prepared as described below. 80* of the clones in the library expres s Fd fragments based 

The Lambda Hc2 expression DNA vector is prepared for on immunodetection of the decapeptide tag. 
inserting a DNA homolog by admixing 100 ug of this DNA The light chain library is constructed in , the same way as 
to a solution containing 250 units each of the restriction the heavy chain and contains 2.5x10 members. Plaque 
endonucleases Xho I and Spe I (both from Boehringer 55 screening, using an anti-kappa chain anubody. indicates that 
Mannheim. Indianapolis. lad.) and a buffer recommended 60% of the library contained express light chain inserts. A 
by the manufacturer. This solution is maintained at 37 from small percentage of inserts results from incomplete dqAos- 
1 5 hours The solution is heated at 65" C for 15 minutes top phorylation of vector after cleavage with Sac I and Xba L 
inactivate the restriction endonucleases. The solution is Once obtained, the two libraries are used to construct a 
chilled to 30° C and 25 units of beat-kOlable (HK) phos- «o combinatorial library by crossing them at the EcoRI sue. To 
phatase (Epicenter. Madison. Wis.) and Cad 2 is admixed to accomplish the cross. DNA is first purified from each hbrary. 
itTccording to the manufacturer's specifications. This solu- The Lambda Lc2 library prepared in Example 2d is 
don is maintained at 30° C for 1 hour. The DNA is purified amplified and 500 ug of Lambda Lc2 expression library 
by extracting the solution with a mixture of phenol and phage DNA is prepared from the amplified phage stock 
chloroform followed by ethanol precipitation. The Lambda 65 using the procedures described in MoUaUar Cloning: A 
Hc2 expression vector is now ready for ligation to the V„ Laboratory Manual. Manians et ai.. eds.. Cold Spring 
DNA homologs prepared in the above examples. These Harbor. N.Y. (1982). Fifty ug of this amplified expression 
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library phage DNA is maintained in a solution containing bound NPN. In a typical procedure 30.000 phage were 

100 units of MLu I restriction endonuclease (Boehringer plated on XLl-Blue cells and duplicate lifts with nitrocei- 

Mannheim. Indianapolis. Ind.) in 200 ul of a buffer supplied lulose were screened for binding to NPN coupled to 125 I 

by the endonuclease manufacturer for 1.5 hours at 37° C labeled BSA. The BSA was iodinated following the 

The solution is then extracted with a mixture of phenol and 5 Chloramine-T method as described by Bolton et al„ 

chloroform. The DNA is then ethanol precipitated and Biochem., 133:529-534 (1973). Duplicate screens of 80.000 

re-suspended in 100 ul of water. This solution is admixed recombinant phage from the light chain library and a similar 

with 100 units of the restriction endonuclease EcoR I number from the heavy chain library did not identify any 

(Boehringer) in a final volume of 200 ul of buffer containing clones which bound the antigen. In contrast the screen of a 

the components specified by the manufacturer. This solution 10 similar number of clones from the Fab expression library 

is maintained at 37° C. for 1 J hours and the solution is then identified many phage plaques that bound NPN. This obser- 

extracted with a mixture of phenol and chloroform. The vation indicates that under conditions where many heavy 

DNA was ethanol precipitated and the DNA re-suspended in chains in combination with light chains bind to antigen the 

1^ same heavy or light chains alone do not Therefore, in the 

The Lambda Hc2 expression library prepared in Example 15 case of NPN. it is believed that there are many heavy and 

2d is amplified and 500 ug of Lambda Hc2 expression light chains that only bind antigen when they are combined 

library phage DNA is prepared using the methods detailed with specific light and heavy chains respectively, 

above. 50 ug of this amplified library phage DNA is main- To assess the ability to screen large numbers of clones and 

tained in a solution containing 100 units of Hind Hi restric- obtain a more quantitative estimate of the frequency of 

tion endonuclease (Boehringer) in 200 ul of a buffer supplied 20 antigen binding clones in the combinatorial library, one 

by the endonuclease manufacturer for 1.5 hours at 37° C. million phage plaques were screened and approximately 100 

The solution is then extracted with a mixture of phenol and clones which bound to antigen were identified. For six 

chloroform saturated with 0. 1M Iris-HQ. pH 7 J. The DNA clones which were believed to bind NPN. a region of the 

is then ethanol precipitated and re-suspended in 100 ul of plate containing the six positive and approximately 20 

water. This solution is admixed with 100 units of the 25 surrounding bacteriophage plaques was selected and each 

restriction endonuclease EcoR I (Boehringer) in a final plaque was cored, replated. and screened with duplicate lifts, 

volume of 200 ul of buffer containing the components As expected, approximately one in twenty of the phage 

specified by the manufacturer. This solution is maintained at specifically bound to antigen. Cores of regions of the plated 

37° C. for 15 hours and the solution is then extracted with phage believed to be negative did not give positives on 

a mixture of phenol and chloroform. The DNA is ethanol 30 replating. 

precipitated and the DNA re-suspended in TE. Clone 2b. one of the plaques which reacted with NPN. 

The restriction digested Hc2 and Lc2 expression libraries was excised according to an in vivo excision protocol where 

are ligated together. To that end, a DNA admixture consists 200 ul of phage stock and 200 ul of a F+ derivative of 

of 1 ug of Hc2 and 1 ug of Lc2 phage library DNA is XLl-Blue (A« oo =1.00) (Stratagene) were admixed with 1 ul 

prepared in a 10 ui reaction using the reagents supplied in a 35 of M13mp8 helper phage (lxlO 10 pfu/rnilliliter (ml)) and 

ligation kit (Stratagene). The DNA admixture is wanned to maintained at 37° C for 15 minutes. After a four hour 

45° C. for 5 minutes to melt any cohesive termini that may maintenance in Luria-Bertani (LB) medium and heating at 

have reannealed. The admixture is then chilled to 0° C. to 70° C for 20 minutes to heat kfll the XLl-Blue cells, the 

prevent religation. Bacteriophage T4 DNAligase (0.1 Weiss phagemids were re-infected into XLl-Blue cells and plated 

units which is equivalent to 0.02 units as determined in an 40 onto LB plates containing ampicillin. This procedure con- 

exonuclease resistance assay) is admixed into the chilled verted the cloned insert from the Lambda Zap II vector into 

DNA solution along with 1 ul of 5 mM ATP and 1 ul a plasmid vector to allow easy manipulatipn and sequencing 

lOxbacteriophage T4 DNA ligase buffer (lOxbuffer is pre- (Stratagene). The phagemid DNA encoding the V M and part 

pared by admixing 200 mM Iris-HQ. pH 7.6. 50 mM of the V L was then o^erminedby DNA sequencing using the 

Mgck-50 mM DTT. and 500 ug/ml BSA) to form a ligation 45 Sanger dideoxy method described in Sanger et ah. Prvc. 

admixture. After ligation for 16 hr at 4° C. 1 pi of the ligated Natl Acad Set., 74:5463-5467 ( 1977) using a Sequenase kit 

the phage DNA is packaged with Gigapack Gold TJ pack- according to manufacturer's instructions (US Biochemical 

aging extract and plated on XLl-Blue cells prepared accord- Corp.. Cleveland. Ohio). The nucleotide residue sequence of 

ing to the manufacturers instructions to form a Lambda Clone 2b Fd chain is listed in the Sequence Listing as SEQ. 

phage library of dicistronic expression vectors capable of 50 ID. NO. 99. The nucleotide residue sequences of the kappa 

expressing heavy and light chains derived from the NPN- light chain variable and constant regions are listed in the 

immunized mouse. A portion of the clones obtained are used Sequence Listing as SEQ. ID. NO. 100 and SEQ. ID. NO. 

to determine the effectiveness of the combination. 101. respectively. 

f. Selection of Anti-NPN Reactive Hetcxodiroer-Producing g. Preparation of a DNA Sequence Encoding a Filamentous 

Dicistronic Vectors 55 Phage Coat Protein Membrane Anchor 

The combinatorial Fab expression library prepared above cpVUI Membrane Anchor: M13mpl8. a commercially 
in Example 2a was screened to identify clones having available bacteriophage vector (Pharmacia. Piscataway, 
affinity for NPN. To determine the frequency of the phage N J.), was used as a source for isolating the gene encoding 
clones which co-expressed the light and heavy chain cpVUI The sequence of the gene encoding die membrane 
fragments* duplicate lifts of the light chain, heavy chain and 60 anchor domain of cpVUI listed in Sequence Listing as SEQ. 
combinatorial libraries were screened as above for light and ID. NO. 102. was modified through PCR amplification to 
heavy chain expression. In this study of approximately 500 incorporate the restriction endonuclease sites. Spe I and 
recombinant phage, approximately 60% co-expressed light EcoR L and two stop codons prior to the EcoR I site. The 
and heavy chain proteins. corresponding amino acid residue sequence of the mem- 
All three libraries, the light chain, the heavy chain and the 65 brane anchor domain of cpVUJ is listed as SEQ. ID. NO. 17. 
combinatorial, were screened to determine if they contained To prepare a modified cpVUI, replicative form DNA from 
recombinant phage that expressed antibody fragments which M13mpl8 was first isolated. Briefly, into 2 ml of LB 
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(Luria-Bertani medium). 50 ul of a culture of a bacterial 
strain carrying an F episome (JM107. JM109 or TGI) was 
admixed with a one tenth suspension of bacteriophage 
particles derived from a single plaque. The admixture was 
incubated for 4 to 5 hours at 37° C. with constant agitation. 
The admixture was then centrifuged at 12.000xg for 5 
minutes to pellet the infected bacteria. After the supernatant 
was removed, the pellet was resuspended by vigorous vor- 
texing in 100 ul of ice-cold solution L Solution I was 
prepared by admixing 50 mM glucose. 10 mM EDTA and 25 
idM Iris-HQ. pH 8.0, and autoclaving for 15 minutes. 

To the bacterial suspension. 200 ul of freshly prepared 
Solution II was admixed and the tube was rapidly inverted 
five times. Solution II was prepared by admixing 0.2N 
NaOH and 1% SDS. To the bacterial suspension. 150 ul of 
ice-cold Solution IH was admixed and the tube was vortexed 
gently in an inverted position for 10 seconds for to disperse 
Solution ID through the viscous bacterial ly sate. Solution III 
Was prepared by admixing 60 ml of 5M potassium acetate, 
11.5 ml of glacial acetic acid and 28.5 ml cf water. The 
resultant bacterial lysate was then stored on ice for 5 minutes 
followed by centrifugation at IZOOOxg for 5 minutes at 4° 
C in a microfuge. The resultant supernatant was recovered 
and transferred to a new tube. To the supernatant was added 
an equal volume of phenol: chloroform and the admixture 
was vortexed. The admixture was then centrifuged at 
12.000xg for 2 minutes in a microfuge. The resultant super- 
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of which are listed in Table 7 below, were used in the PCR 
reaction to amplify the mature gene for cpvm member 
anchor domain and incorporate the two cloning sites. Spe I 
and EcoR L For the PCR reaction. 2 ul containing 1 

5 nanogram (og) of M13mpl8 replicative form DNA was 
admixed with 10 ul of lOxPCR buffer purchased commer- 
cially (Promega Biotech. Madison. Wis.) in a 0.5 ml 
microfuge tube. To the DNA admixture, 8 ul of a 2.5 mM 

10 solution of dNTPs (dATP. dCTP, dGTP. aTTP) was admixed 
to result in a final concentration of 200 micromolar (uM). 
Three ul (equivalent to 60 picomoles (pM)) of the 5* forward 
AK 5 primer and 3 ul (60 pM) of the 3' backward AK 6 
primer was admixed into the DNA solution. To the. 

15 admixture. 73 ul of sterile water and 1 ul/5 units of poly- 
merase (Promega Biotech) was added. Two drops of mineral 
oil were placed on top of the admixture and 40 rounds of 
PCR amplification in a thermocycler were performed. The 
amplification cycle consisted of 52° C. for 2 minutes. 72° C 

20 for 1.5 minutes and 91° C. for 2 minutes. The resultant PCR 
modified cpVTQ membrane anchor domain DNA fragment 
from M13mpl8 containing samples were then purified with 
Gene Clean (BIO101, La Jolla, Calif.), extracted twice with 

23 phenol/chloroform, once with chloroform followed by etha- 
nol precipitation and were stored at -70° C. in 10 mM 
Tris-HCl. pH 7.5, and 1 mM EDTA. 

TABLE 7 



SEQ. 

ID NO. Primer 

(1Q3) 1 AK 5 (F) 5 GTCXXX^COG/JrimACTAaTOCrGAOCGTOACG^ J 

(104) 7 AK 6(B) S AC A U UAAT 1 L 1A1LACJC HOC 11 ILUAOU 1QAA 3 

(105) * Hc3 (F) S AOOTCCAGCTTCTCGAGTCTGO 3* 

(106Y 1 AK7 (B) 5 CTCACOCTCAGCACTAGTACAA^ ? 
O07f G-3 (F) 5 <JAUAC GAClALiltCT GCXXJUJtjUUlL'lU^l 1L 

<JllltJlU AAIATOOT T : 

008)* G-3 (B) S 1 1AU 1 AUUAXAATAAC GGAATACCCAAAA 

GAACTOG 3* ~~~ 

(109) 7 LAC-F S lAJtJClAUCIAGTAA CACGACAGOi 1 1CCCGAC 

TXJG7 

(110) ' LACB S ACCGAGCTCGAArrcGTAATCATGGTC 3' 

F Forward Primer 
B Backward Primer 

'From S to 3*: the overlapping sequence for C„l J end is double under Cried; the Spe I 
restriction site sequence is single underlined; the overlapping s eq u e nce for cpVlil is double 
underlined. 

^EcoR I restriction site sequence is single underlined 
*Xho I restriction site sequence is underfilled 

4 From 5* lo 7: the overlapping sequence for cpvm b double underlined; the Spe I restriction 
site sequence is single underlined; die overlapping sequence for C„l T end is double 
underlined 

^Frorn 5' to 3*: Spe I restriction site sequence is single underlined; the overlapping sequence 
with tbe y end of cpm is double underlined 

*From 5" to 3*: Nhe I restriction site se qu en c e is single under linecfc (he overlapping sequence 
with 3* end of cpd is double underlined. 

7 From S to 3*: overlapping sequence with the 3* end of cpm is double underlined; Nhe I 
restriction K^nrrrc begins with the nucleotide residue "G" at position 4 and extends 3 more 
residues = GCTAGC. 

"EcoR I restriction site sequence is single underlined. 



natant was transferred to a new tube and the double-stranded 
bacteriophage DNA was precipitated with 2 volumes of 
ethanol at room temperature. After allowing the admixture 60 
to stand at room temperature for 2 minutes, the admixture 
was centrifuged to pellet the DNA. The supernatant was 
removed and the pelleted replicative form DNA was resus- 
pended in 25 ul of Tris-HOL pH 7.6, and 10 mM EDTA (TE). 

The double-stranded MOmplS replicative form DNA 63 
was then used as a template for PCR. Primers. AK 5 (SEQ. 
ID. NO. 103) and AK 6 (SEQ. ID. NO. 104), the sequences 



To verify amplification of the modified cpvm membrane 
anchor domain, the PCR purified DNA products were dec- 
trophoresed in a 1% agarose geL The expected size of the 
cpvm was approximately 150 base pairs. The area in the 
agarose containing the modified cpvm DNA fragment was 
isolated from the agarose as described above. The sequence 
of the isolated modified cpvm DNA fragment is listed as 
SEQ. ID. NO. 111. The isolated cpVUI DNA fragment was 
then admixed with a similarly prepared fragment of modi- 
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fied Fd as described below in Example 2i in order to form 
a DNA segment encoding the fusion protein Fd-cpVUL 

cpm Membrane Anchor: M13mpl8 was also used as a 
source for isolating the gene encoding the membrane anchor 
domain at cpm. the sequence of which is listed in the 
Sequence Listing as SEQ. ID. NO. 112. The amino acid 
residue sequence of membrane anchor domain cpm is listed 
in SEQ. II). NO. 16. M13mpl8 repiicative form DNA was 
prepared as described above and used as a template for PGR 
for amplifying the mature gene for cpm membrane anchor 
domain and incorporating the two cloning sites. Spe I and 
EcoRL 

The primer pair. G-3(F) (SEQ. ID. NO. 107) and G-3(B) 
(SEQ. ID. NO. 108) listed in Table 7. was used in PGR as 
performed above to incorporate Spe I and Nhc I restriction 
sites. The resultant PCR modified cpm DNA fragment was 
verified and purified as described above. The sequence of the 
PCR modified cpTH membrane anchor domain DNA frag- 
ment is listed in the Sequence Listing as SEQ. ID. NO. 113. 
A second PCR amplification using the primer pairs. Lac-F 
(SEQ. ID. NO. 109) and Lac-B (SEQ. ID. NO. 110) listed 
in Table 7. was performed onr a separate aliquot of M 13mpl8 
repiicative form template DNA. The primers used for this 
amplification were designed to incorporate an overlapping 
sequence with the nucleotides encoding the membrane 
anchor region of cpUL and the adjacent Nhe I site along with 
a sequence encoding a LacZ promoter region 5' to an EcoR 
I restriction site. The reaction and purification of the PCR 
product performed as described above. The sequence of the 
resultant PCR modified cpm DNA fragment having Nho I 
and EcoR I restriction sites is listed in the Sequence Listing 
as SEQ. ID. NO. 114. 

The products of the first and second PCR amplifications 
were then re combined at the nucleotides corresponding to 
cpm membrane anchor overlap and Nhe I restriction site 
and subjected to a second round of PCR using the G3-F 
(SEQ. ID. NO. 107) and Lac-B (SEQ. ID. NO. 110) primer 
pair to form a rccombined PCR DNA fragment product 
consisting of the following: a 5* Spe I restriction site; a cpm 
DNA membrane anchor domain beginning at the nucleotide 
residue .sequence which corresponds to the amino acid 
residue 198 of the entire mature cpm protein; an endog- 
enous stop site provided by the membrane anchor at amino 
acid residue number 112; a Nhe I restriction site, a LacZ 
promoter sequence; and a 3' EcoR I restriction site. The 
rccombined PCR modified cpm membrane anchor domain 
DNA fragment was then restriction digested with Spe I and 
EcoR I to produce a DNA fragment for directional ligation 
into a pComb phagemid expression vector prepared in 
Example la(iv) and to form a pCombm phagemid expres- 
sion vector as described in Example lb(u). 
h. Isolation of Anti-NPN Coding V„ DNA Segment 

To prepare modified Fd fragments for recombination with 
the PCR modified cpVTH membrane anchor domain frag- 
ment to form a Fd-cpVTH DNA fusion product PCR ampli- 
fication as described above was performed using Clone 2b. 
prepared in Example 2f. as a template. The primers, Hc3 
(SEQ. ID. NO. 105) and AK 7 (SEQ. ID. NO. 106). the 
sequences of which are listed in Table 7. were used in PCR 
to amplify the Fd portion of the Gone 2b and incorporate 
Xho I and Spe I doning sites along with a cpVm overlap- 
ping sequence. The amplified PCR modified Fd product was 
purified, eiectrophoresed and isolated from 1% agarose gels 
as described above. The size of the Fd fragment was 680 
base pairs. 

L Preparation of a DNA Segment Encoding a Portion of the 
Fusion Protein Fd-cpVm 
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The purified PCR modified Fd DNA fragment containing 
cpVTU overlapping nucleotide sequences prepared above 
was then admixed with the PCR modified cpVTJI membrane 
anchor domain fragment to form an admixture. The frag- 

5 ments in the admixture were allowed to recombine at their 
complementary regions. The admixture containing the 
rccombined PCR fragments was then subjected to a second 
round of PCR amplification as described above using the 
end primer pair AK 6 (SEQ. ID. NO. 104) and Hc3 (SEQ. 

to ID. NO. 105) (Table 7). The corresponding product of the 
PCR amplification was purified and eiectrophoresed on 
agarose gels as described above. The PCR product was 
determined to be approximately 830 base pairs (Fd=680+ 
150) confirming the fusion of Fd with cpVUI. The sequence 

15 of the PCR product linking the Fd sequence with the cpVTU 
sequence in frame in a 5* to 3* direction is listed as SEQ. ID. 
NO. 115. The Fd-cpvm fusion product was then used in 
directional ligations described in Example 2j for the con- 
struction of a pCBAK8-2b dicistronic phagemid expression 

20 vector. 

j. Construction of pCBAK8-2b Dicistronic Expression Vec- 
tor 

To construct a phagemid vector for the coordinate expres- 
sion of a Fd-cpvm fusion protein with kappa light chain, the 

25 PCR amplified Fd-cpVUJ fusion product prepared in above 
in Example 2i was first ligated into Clone 2b phagemid 
expression vector isolated from the NPN combinatorial 
library prepared in Example 2f. For the ligation, the 
Fd-cpvm PCR fusion product was first restriction digested 

30 with Xho I and EcoR L Clone 2b phagemid vector was 
similarly digested resulting in the removal of the cloning and 
decapeptide regions. The digested Fd-cpVm fragment was 
admixed and ligated into the digested done 2b at the 
cohesive termini generated by Xho I and EcoR I restriction 

35 digestion. The ligation resulted in operarively linking the 
nucleotide residue sequence encoding the Fd-cpvm 
polypeptide fusion protein to a second cassette having the 
nucleotide residue sequences encoding the ribosome binding 
site, a pelB leader sequence and the kappa light chain 

40 already present in done 2b to form a dicistronic DNA 
molecule in the original done 2b phagemid expression 
vector. 

E. coii. strain TGI. was then transformed with the 
phagemid containing the dicistronic DNA molecule and 

45 transformants were selected on arnpicillin as the original 
Clone 2b contained an arnpicillin selectable resistance 
marker gene. For high efficiency electro^ransformation of 
E. coli, a 1:100 volume of an overnight culture of TGI cells 
was inoculated into one liter of L-broth (1% Bacto tryptone. 

50 0.5% Bacto yeast extract 0.5% NaQ). The cell suspension 
was maintained at 37° C with vigorous shafting to a 
absorbance at 600 run of 0.5 to 1.0. The cell suspension in 
log phase growth was then harvested by first chilling the 
flask on ice for 15 to 30 minutes followed by centrifugation 

55 in a cold rotor at 4000 g for 15 minutes to pellet the bacteria. 
The resultant supernatant was removed and the bacterial cell 
pellet was resuspended in a total of one liter of cold water 
to form a cell suspension. The centrifugation and resuspen- 
sion procedure was repeated two more times and after the 

60 final centrifugatioo. the cell pellet was resuspended in 20 ml 
of cold 10% glycerol The resuspended cell suspension was 
then centrifuged to form a cell pellet. The resultant cell pellet 
was resuspended to a final volume of 2 to 3 ml in cold 10% 
glycerol resulting in a cell concentration of 1 to 3xl0 10 

65 cells/ml For the dectro-transformation procedure. 40 ul of 
the prepared cell suspension was admixed with 1 to 2 ul of 
phagemid DNA to form a cell-phagemid DNA admixture. 
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The resultant admixture was mixed and allowed to sit on ice A phagemid expression vector, pCBAK3-2b. for the 

for one minute. An electroporation apparatus, for example a expression of a fusion protein and kappa light chain was then 

Gene Pulsar, was set a 25 uF and 2.5 kV. The pulse controller constructed. Briefly, the pCBAK3 phagemid expression 

was set to 200 ohms. The cell-DNA admixture was trans- vector prepared above was first digested with Xho I and Spe 

ferred to a cold 0.2 cm electroporation cuvette. The cuvette 5 I to form a linearized pCBAK3 phagemid expression vector, 

was then placed in the chilled safety chamber and pulsed PGR amplified and modified Fd fragment prepared in 

once at the above settings. To the pulsed admixture. 1 ml of Example 2h containing Xho I and Spe I sites, was subse- 

SOC medium was then admixed and the cells were resus- quently restriction digested with Xho I and Spe L The 

pended with a Pasteur pipette (SOC medium was prepared resultant Fd fragment was then directionally ligated via 

by admixing 2% Bacto tryptone. 0.5% Bacto yeast extract 10 cohesive termini into the Xho I and Spe I restriction digested 

10 mM Nad. 2.5 mM KC1. 10 mM MgG 2 . 10 mM MgS0 4 . pCBAK3 phagemid expression vector to form a second 

and 20 mM glucose). The cells suspension was then trans- phagemid expression vector in which the PCR modified Fd 

ferred to a 17x100 mm polypropylene tube and maintained fragment was operatively linked in-frame to nucleotide 

at 37° C. for one hour. After the maintenance period, the residue sequences encoding cpITX E. colt strain XLl-Blue 

transformed TGI cells were then plated on ampiciUin LB 15 (Stratagenc) was then transformed with the above phagemid 

plates for selection of ampicillin resistant colonies contain- vector containing Fd-cpEJ. Transformants containing the 

ing the phagemid which provided the selectable marker Fd-cpm encoding phagemid were selected on chloram- 

gc * t phenicoL Phagemid DNA was isolated from chlorampheni- 

Ampicillin resistant colonies were selected and analyzed col resistant dones and was restriction digested with Sac I 

for the correct insert size and expression of Fab. Briefly. 20 and Xba I to form a linearized phagemid expression vector 

DNA mini preps of selected colonies were prepared for the into which a Sac I and Xba I iigit chain fragment prepared 

isolation of phagemid DNA. The isolated phagemid DNA below was directionally ligated. 

from each niiniprep was restriction digested with Xho I and Phagemid Clone 2b. isolated from the original combioa- 

EcoR I and the digests were electrophoresed on a 1% tonal library as described in Example 2a. was restriction 

agarose gel. Gone AK16 was selected as an 830 bp fragment 25 digested with Sac I and Xba- 1 to isolate the nucleotide 

was visualized on the gels confirming the insertion of the residue sequence encoding the kappa light chain. The iso- 

Fd-cpVm PCR fusion product into digested Clone 2b. lated kappa light chain sequence was then directionally 

Gone AK16 phagemid was then restriction digested with ligated into the Sac I and Xba I restriction digested 

Xho I and Xba I ami me nucleou^ residue sequence of the phagemid expression vector prepared above containing 

dicistronic DNA molecule encoding the Fd-cpVUI fusion 30 Fd-cpm to form the phagemid expression vector. pCBAK3- 

protein. the ribosome binding site and pdB leader sequence 2b. The resultant vector contained the nucleotide residue 

for expression of the light chain, a spacer region and the 2b sequence of a dicistronic DNA molecule for the coordinate 

kappa light chain was isolated by agarose gel electrophore- expression of a Fd-cpm fusion protein with kappa light 

sis. The isolated dicistronic DNA fragment was then ligated chain. The resultant phagemid expression vector consisted 

into a Xho I and Xba I restriction digested pCBAKO 35 of nucleotide residue sequences encoding the following 

expression vector prepared in Example lc(ii) to form a elements: fl filamentous phage origin of replication; a 

dicistronic phagemid expression vector designated chloramphenicol acetyl transferase selectable resistance 

pCBAK8-2b. marker gene; an inducible LacZ promoter upstream from the 

The resultant pCBAK8-2b expression vector consisted of LacZ gene; a multiple cloning site flanked by 13 and T7 

nucleotide residue sequences encoding the following ele- 40 polymerase promoters; and the dicistronic molecule (a first 

ments: f 1 filamentous phage origin of replication; a chloram- cassette consisting of a first ribosome binding site and pdB 

phenicol acetyl transferase selectable resistance marker leader operatively linked to Fd-cpIH operatively linked to a 

gene; an inducible LacZ promoter upstream from the LacZ second cassette consisting of a second LacZ, a second 

gene; a multiple cloning site flanked by T3 and T7 poly- ribosome binding site, and a second pelB leader operatively 

merase promoters; and the dicistronic DNA molecule (a first 45 linked to a kappa light chain). 

cassette consisting of a ribosome binding site, a peUB leader. XLl-Blue cells were then transformed with the phagemid 

and a Fd-cpVTU DNA fusion product operatively linked to expression vector pCBAK3-2b. Transformed colonies con- 

a second cassette consisting of a second ribosome binding taining the chloramphenicol resistant phagemids were 

site, a second pelb leader, and a kappa light chain). selected as described above and analyzed for the correct size 

k. Construction of pCBAK3-2b Dicistronic Expression Vec- 50 insert and expression of Fab as described in Example 2j. 

tox . Following verification of the insert and expression of Fab in 

To construct a phagemid vector for the coordinate expres- the pCBAK3-2b phagemid vector. XLl-Blue cells were then 

sion of a Fd-cpffl fusion protein with kappa light chain, the transformed and induced for the expression of Fab antibod- 

PCR amplified and recombined cpHI membrane anchor ies as described in Examples 3 and 4. 

prepared in Example 2g having a y Spe I and 3' EcoR I 55 E ~ tsskM of Anti-NFN Hetercdimer on Phage 

restriction site was first directionally ligated into a pComb r Surfaces 
phagemid expression vector prepared in Example la(iv) to 

form a pCombUI phagemid vector. See Example lb(ii) for For expression of antibody Fab directed against NPN on 
details of vector construction. The resultant pCombUI phage surfaces, XLl-Blue cells were separately transformed 
phagemid vector was then restriction digested with Sac H 60 with the phagemid vectors. pCBAK&-2b and pCBAK3-2b. 
and Apa I to form an isolated fragment The resultant prepared in Examples 2j and 2k. respectively- The transfor- 
isolated fragment containing the expression control mants woe selected on LB plates containing 30 ug/ml 
sequences and the cpHI sequence was then directionally cWorarnphenicol. Antibiotic resistant colonies were selected 
ligated into a similarly digested pCBAKO phagemid vector for each phagemid transformation and grown in liquid 
prepared in Example lc(ii) to form a pCBAK3 phagemid 65 cultures at 37° C. in super broth (super broth was prepared 
expression vector. This vector lacked Fd and kappa light by admixing the following: 20 g 3 [N-MorpholinoJ propane- 
chain sequences. sulfonic acid (MOPS); 60 g tryptone; 40 g yeast extract; and 
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2 liter of water adjust pH to 7.0 with 10 m NaOH) 
containing 30 ug/ml cWorampheniool and 12.5 ug/ml tetra- 
cycline for the respective antibiotic selection of the 
phagemid and the F episome. The antibiotic resistant trans- 
formed XLl-Blue cells were diluted to an optical density 
(ODjoo Dm) of 0.4 in super broth. The inducer, isopropyl 
thiogalactopyranoside (IPTG). was admixed to the bacterial 
suspension for a final concentration of 1 mM and the 
admixture was maintained at 37° C. for 1 hour to induce the 
expression of the fusion protein and kappa light chain from 
the LacZ promoter. Helper phage, either R408 or VCS M13 
(Stratagene). was then admixed to the induced bacterial 
suspension at a ratio of 10-20 helper phage to 1 transformed 
bacterial cell to initiate the generation of copies of the sense 
strand of the phagemid DNA. The admixture containing the 
helper phage was then maintained for an additional two 
hours at 37° C. to allow for filamentous bacteriophage 
assembly wherein the expressed anti-NPN Fab antibodies 
fused to either bacteriophage membrane anchor domains of 
cpvm or cpin were incorporated into surface of the bac- 
teriophage particles. The bacterial suspension was then 
centrifuged resulting in a bacterial cell pellet and a super- 
natant containing phage. The supernatant was removed, 
collected and assayed as described below for the presence of 
functional anti-NPN Fab molecules anchored to the phage 
particles by either cpVUI or cpUL 

4. Assays for Verifying the Presence and Function 
of Anti-NPN Heterodimer on the Surface of 
Filamentous Phage 

a. Electron Microscopy 

To localize functional Fab molecules, the binding to 
antigen labelled with colloidal gold was studied. Phage 
containing supernatants and bacterial cells prepared in 
Example 3 were spotted on fonnvar Polysciences. Inc., 
Warrington. Pa.) coated grids affixed onto a solid phase. In 
some experiments grids were coated with cells and infected 
with phage in situ. Subsequently grids were blocked with 
bovine serum albumin (BSA) 1% in PBS at pH 7.2. washed 
and incubated with 2-7 nanometer (nm) colloidal gold 
particles coated with BSA-NPN hapten conjugate for a time 
period sufficient to form a labeled immunoreaction complex. 
The grids were washed to remove excess gold particles and 
negatively stained in uranylacetate and visualized by elec- 
tron microscopy. 

Examination of filamentous phage and permeabilized 
cells producing phage revealed specific labelling of phage or 
exposed bacterial membranes. Phage were observed to con- 
tain 1 to 24 copies of antigen binding sites per particle. 
Neither helper phage alone nor intact E. coli labelled with 
antigen. Background nonspecific binding was very low. 
Filamentous phage particles emerging from the E. coli 
surfaces were labelled with antigen as shown in FIG. 9. 

The generation of a related phage surface expression 
vector utilizing cpm as a fusion partner with Gone 2b. 
pCBAK3-2b. revealed specific antigen labelling to the 
phage head but not the column. Additionally human anti- 
tetanus Fab expressed as a cpIII fusion did not bind to 
BSA-NPN antigen. 

b. Phase Elisa 

Microtitration plates were coated with NPN-BSA conju- 
gate (0. 1 ml, 1 ug/ml in 0. 1M Tris-HQ pH 9.2). and blocked 
with 1% BSA in PBS. Serial two fold dilutions of pCBAKfc- 
2b derived phage (0.1 ml), prepared in Example 3. were 
added to the pre-coated microtitrarioa plate and incubated 
for 3 hours at ambient temperature or 16 hours at 4° C The 
plates were washed with PBS and goat anti-kappa alkaline 
phosphatase conjugate (Fisher Biotech, Pittsburgh, Pa.) 
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added (0.1 ml diluted 1/1000 in PBS containing 0.1% BSA) 
and incubated for 2 hours at room temperature. The plates 
were washed in PBS and substrate added (0. 1 ml. 1 mg/ml 
p-nitrophenylphosphate in 0.1M Tris-HCl. pH 9.5. contain- 

5 ing 50 mM Mgd 2 )* After incubation at 37° C. for signal 
development, the optical densities at 400 nm were deter- 
mined. Competition assays were performed with the addi- 
tion of increasing amounts of free NPN hapten ranging from 
zero up to 5 mg/well. 

10 The ELISA assays confirmed the presence of functional 
antibody Fab. In a two site HI ISA on NPN antigen coated 
plates when probed with anti-mouse kappa chain enzyme 
conjugate, phage supernatant generated from helper phage 
infection of cells carrying the pCBAK8-2b construct exhib- 

15 ited expected titration curves with serial two fold dilutions 
of phage containing antibody. The results of the two- site 
ELISA are shown in FIG. 10. For a signal to be generated in 
this assay, the phage particle must (i) have functionally 
associated Fd and kappa chains and (ii) be multivalent 

20 Specificity of the particle was assessed by inhibiting binding 
to the plate in the presence of increasing concentrations free 
hapten. The generated phage particles exhibited binding to 
solid phase of the ELISA and could be inhibited by addition 
of hapten as shown in FIG. 11. Complete inhibition was 

25 achieved when 5 ng of free NPN hapten was used in the 
assay. Helper phage did not give a signal in the HI .ISA, 
c. Antigen Specific Precipitation of Phage 

Phage supernatant from XL 1 -Blue was transformed with 
the pCBAKS-2b dicistronic expression vector prepared in 

30 Example 3 (1 ml) was incubated with BSA-NPN conjugate 
( 10 uL 2 mg/ml) for 18 hours at 4° C. The mixture was then 
pelleted by centrifugation at 3000 rpm on a bench top 
centrifuge and the appearance of precipitate noted. Helper 
phage was used as a control. The pellet was washed repeat- 

35 edtty mcoldPBS(5x3mlMash)andt>»enresuspendedinLB 
(0.5 ml). The solubilized precipitates were added to fresh 
XLI-Bluc cells (0.5 ml of overnight culture), incubated for 
1 hour at 37° C. and aliquots plated out on LB agar 
containing cmorarxrphenicol (30 Mg/ml). Colonies were 

40 selected randomly. Colony lifts on nitrocellulose were 
treated with lysozyme to digest the cell wall, briefly treated 
with chloroform to breakdown the outer membrane, blocked 
in BSA 1% in PBS and incubated with 125 I labelled BSA- 
NPN antigen. After several washes in PBS (containing 

45 0.05% Tween-20). film was exposed to the washed and dried 
filter overnight at -70° C. and the autoradiographs were then 
developed. 

Precipitates were obtained with antibody containing 
phage but not helper phage in the presence of BSA-NPN. In 
50 addition, the particles retained infectivity on subsequent 
incubation with bacterial cells carrying the F episome and 
generated 4x1 0 5 colonies from a single solubilized precipi- 
tate. 

Additionally. DNA restriction analysis was carried out to 
55 determine the presence of heavy and light chain inserts. 
DNA restriction analysis of the clones revealed the presence 
of a. Xho and Xba I fragment of 1.4 kb as expected for 
Fd-cpvm fusion construct and kappa chain insert. 

These results give additional evidence for antigen speci- 
60 ficity and multivalency. In addition to providing immuno- 
logical parameters, this precipitation offers possibilities for 
facile enrichment of antigen specific phage particles. In 
principle, phage containing specific antibodies can be highly 
enriched by precipitation with antigens (which may be cell 
65 surface markers, viral, bacterial as well as synthetic 
molecules). The washed antigen-antibody precipitates can 
be solubilized by the addition of excess antigen and viable 
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phage recovered For the recovery of rare species an immo- to mimic nature, the phagemid/M13 system would allow a 

bilized antigen may be used which opens the way for more complete dissection of the antibody response in 

differential affinity eiution. humans which may yield useful therapeutic and diagnostic 

In order to demonstrate the utility of immobilized antigen reagents, 

for the enrichment of clones of defined binding specificity. 5 The membrane anchoring of the heavy chain and the 

a panning experiment was performed. An ampicillin re sis- compartme realization of the kappa chain in the periplasm is 

tant phagemid expressing an anti-tetanus Fab as a cpVTH jj, c j^y to expressing this functional dimeric protein. The 

fusion was constructed. Rescue of this clone with helper potential of this system is by do means limited to antibodies 

phage produced phage encoding the ampicillin resistant an d ^ extended to any protein recognition system or 

phagemid which displayed the anti-tetanus Fab on their coat. 10 combination of systems containing multiple members. For 

These phage encoding tetanus specificity were admixed with example coupling of ligand and effector systems in a high 

NPN hapten encoding phage (1:100) and allowed to bind to avidity matrix is now possible. In a similar vein a library of 

a microti tration plate coated with tetanus toxoid. Following Ugands can be sorted against a library of receptors, 
a one hour maintenance period, the plate was washed 

extensively and phage were then eluted with a low pH 15 6. Randomized Mutagenesis of the CDR3 Region 

buffer. Infection of XLl-Bluc cells in log phase growth and of a Heavy Chain Encoding Tetanus Toxoid 

subsequent plating of aliquots on ampicillin and chloram- a. PCR Mutagenesis with Degenerate Oligonucleotides 

pfaenicol allowed for direct quantitation of enrichment To obtain a mutagenized heterodimer of mis invention of 

Examination of over 1.000 colonies showed that ampicillin altered specificity that would no longer recognize TT but 

resistant colonies derived from the eluted phage exceeded 20 would recognize and specifically bind to a new antigen, a 

chloramphenicol resistant colonies by 27 to 1. Therefore. method was developed to randomize only the CDR3 region 

panning enriched the phage displaying the anti-tetanus Fab of a heavy chain fragment encoded by a known nucleotide 

by 2700 fold. This result suggests that a clone of defined sequence. This approach is schematically diagrammed in 

specificity present at one part per million will dominate over FIG. 12 where a representative heavy chain fragment within 

nonspecific clones following two rounds of panning. 25 a phagemid clone, consisting of alternating framework 

. regions (1 through 4) shown by white blocks and comple- 

5. Advantages of Assembling Combinatorial mentality determining regions (CDR) (1 through 3) shown 

Antibody Fab Libraries Along Phage Surfaces by CTOSS _ hatched blocks and the first constant region (CHI). 

A powerful technique for generating and selecting com- is subjected to two separate rounds of PCR. In the first PCR 
binatorial Fabs. with 10*"* members, is presented. In the 30 amplification reaction, the 5" end of the heavy chain begin- 
vector described herein, the restriction cloning sites for ning at framework 1 and extending to the 3* end of frame- 
inserting PCR generated antibody fragments have been WO rk 3 is amplified. In the second PCR amplification 
retained as previously reported for (he lambda vector. The reaction, the CDR3 region is randomly mutagenized shown 
rescue of the genes encoding the antibody Fd and kappa j>y the black box. This is accomplished through the use of a 
chains is mediated through the utilization of the f 1 origin of 35 pool of oligonucleotide primers synthesized with a degen- 
replication leading to the synthesis and packaging of the crate region sandwiched between and contiguous with con- 
positive strand of the vector on co-infection with helper served framework 3 and 4 region sequences. The resulting 
phage. Since the 4 mature* virus particle assembles by incor- amplification products, each having a randomized CDR3 
porating the major coat protein around the single stranded region, begin at the 3 ■ end of framework 3 and extend to the 
DNA as it passes through the inner membrane into the 40 3* end of the CHI region. The pool of degenerate oligo- 
periplasmic space, not only does it capture the genetic nucleotide primers have been designed to result in the 
information carried on the phagemid vector but also incor- amplification of products having a 5* end that is coraple- 
porates several copies of functional Fab along the length of mentary to and will overlap with the 3' end of the products 
the particle. On subsequent infection of hosts cells carrying G f the first PCR reaction product. Thus, the two separate 
the F episome the phagemid confers resistance allowing 45 PCR reaction products are pooled and subjected to a third 
selection of colonies on the appropriate antibiotic In PCR reaction in which the overlapping region between the 
essence, the antigen recognition unit has been linked to two products is extended to result in heavy chain having a 
instructions for its production. randomized CDR3 region. 

The full power of the earlier combinatorial system could A heavy chain DNA template for use in this invention was 

not be fully utilized since screening allowed ready access to 50 available in a clone (a phagemid vector containing heavy 

only about 0.1-1% of the members. In the phagemid/M13 and light chain fragments) from a human combinatorial 

system similar size libraries are generated and all the mem- anti-tetanus toxoid (TT) Fab library. This library was con- 

bers are accessed via affinity selection. Furthermore, unlike struct ed in the pCBAK-3 dicistronic expression vector for 

the lambda vector which generated monovalent Fabs, this the expression of a heavy chain-cpm fusion protein (Fd- 

system generates multivalent particles, thus allowing the 55 cpIU) and a soluble light chain as described for anti-NPN in 

capture of a wider range of affinities. Example 2k and by Persson et at. Proc. Nad. Acad, Sci^ 

The unique phagemid restriction sites permit the recom- USA, 88:2432-2436 (1992) and Barbas et aL. Proc. Nasi 

bination of Fd and kappa chains allowing chain replacement Acad. ScL* USA, 88 :7978- 7982 (1992). A clone, hereinafter 
or shuffling. The rescue of filamentous single stranded DNA referred to as pCE-TT7E. was expressed as described fox 

allows rapid sequencing and analysis of the genetic make up 60 anti-NPN heterodimers on phage surfaces in Example 3 and 

of the done of interest. Indeed it can be envisaged that phage subsequently screened by panning on TT-coated plates as 

encoding antibody specificity may be enriched by antigen described for anti-NPN in Example 4c . Clone pCEr-TT7E 

selection prior to DNA sequencing or mutagenesis. The exhibited a K,, towards TT on the order of KT'M and was 

option to further develop an iterative process of mutation enriched over nonspecific phage by IfZ- fold as described by 

followed by selection may allow the rapid generation of high 63 Barbas et al. supra. Clone pCE-TT7E. having bom heavy 

affinity antibodies from germ line sequences. The process and light chain sequences, was used as the template DNA for 
may be automated. Setting aside the potential of the system the randomized mutagenesis of the CDR3 region of the 
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heavy chain to alter antigen binding specificity as described One hundred nanograms of gel purified products from the 
herein. The sequence of the heavy chain was determined as first and second PGR reactions were then admixed with 1 ug 
described in Example la(ii). Two separate PCR reactions each of FTX3 and CG1Z oligonucleotide primers as a 
were performed as illustrated in FIG. 12. primer pair in a final PCR reaction to form a complete heavy 
The first PCR reaction resulted in the amplifi catio n of the 5 chain fragment by overlap extension as illustrated in FIG. 
region of the heavy chain fragment in the pC3-TT7E clone 12. The PCR reaction admixture also contained 10 ul 
beginning of framework region 1 and extending to the end lOxPCR buffer. 1 ul Taq polymerase and 8 ul 2.5 mM d 
of framework region 3 which is located 5' to CDR3 which NTP's as described above. The PCR reaction was performed 
is approximately 400 base pairs in length. To amplify this as described above. To obtain sufficient quantities of ampli- 
region, the following primer pairs were used. The 5* anti- 10 ft cation product. 15 identical PCR reactions were performed, 
sense oligonucleotide primer. FT3X. having the nucleotide xh c suiting heavy chain fragments beginning at frame- 
sequence 5'-G-CAA-TAA-ACC-CTC-ACT-AAA-GGG-3* wor fc 1 an d extending to the end of CHI and having 
(SEQ ID NO 118). hybridized to the non-coding strand of randomly mutagenized CDR3 regions were approximately 
the heavy chain corresponding to the region 5 of and 790 base pairs in length. The heavy chain fragment ampli- 
induding the beginning of framework 1. The 3' sense 13 fication products from the 15 reactions were first pooled and 
oligonucleotide primer, B7EFR3. having the nucleotide tncn gc j purified as described above prior to their incorpo- 
sequence S'-TCT-CGC-ACA-ATA-ATA-CAC-GGC-S' ration a phagemid library. 
(SEQ ID NO 119), hybridized to the coding strand of the b phagemid Library Construction 

heavy chain corresponding to the 3* end of the framework -3 The resultant gel purified heavy chain fragments prepared 
region. The oligonucleotide primers were synthesized by 20 in Example 6a were then digested with the restriction 
Research Genetics (Hunstvilie, Ala.). The PCR reaction was enzymes. Xho I and Spe L as described in Example 2d. The 
performed in a 100 ul reaction containi ng o ne ug of each of resultant digested heavy chain fragments were subsequently 
oligonucleotide primers FTX3 and B7EFR3, 8 ul 2.5 mM gc j purified prior to insertion into the pC3-TT7E phagemid 
dNTP's (dATP. dCTR dGTP, dTTP). 1 ul Taq polymerase. vector clone which was previously digested with the same 
10 ng of template pCE-TT7E. and 10 ul of lOxPCR buffer 25 restriction enzymes to remove the non-mutagenized heavy 
purchased commercially (Pr omega Biotech). Two drops of criain fragment and form a linear vector. Ligation of 640 ng 
mineral oil were placed on top of the admixture and 35 0 f lnc heavy chain Xho I/Spe I fragments having 
rounds of PCR amplification in a thermocycler were per- mutagenized CDR3 regions into two ug of the linearized 
formed. The amplification cycle consisted of denaturing at pC3-TT7E phagemid vector to form circularized vectors 
94 C. for one minute, annealing at 50° C. for one minute. x having mutagenized CDR3 regions was performed over- 
followed by extension at 72° C. for two minutes. The night at room temperature using 10 units of BRL ligase 
resultant PCR amplification products were then gel purified (Gaithersburg. Md.) in BRL ligase buffer in a reaction 
as described in Example id and used in an overlap extension volume of 150 ul Five separate ligation reactions were 
PCR reaction with the products of the second PCR reaction, performed to increase the size of the phage library having 
both as described below, to recombine the two products into 35 mutagenized CDR3 regions. Following the ligation 
reconstructed heavy chains containing mutagenized CDR3 reactions, the circularized DNA was precipitated at -20° C. 
regions as illustrated in FIG. 12. for two hours by the admixture of 2 ul of 20 mg/ml 
The second PCR reaction resulted in the amplification of glycogen. 15 ul of 3M sodium acetate at pH 5.2 and 300 ul 
the heavy chain from the 3' end of framework region 3 of ethanol. DNA was then pelleted by microcentrilugation at 
extending to the end of CHI region which is approximately ^ 40 q for 15 minutes. The DNA pellet was washed with cold 
390 base pairs in length. To amplify this region, the follow- 70% ethanol and dried under vacuum. The pellet was 
in g primer pairs were used. The 5* anti-sense oligonucleotide rcsuspended in 10 ul of water and transformed by electropo- 
primer pool, designated 7ECDR3. had the nucleotide ration mto 300 ul of £ cott XL 1 -Blue cells as described in 
sequence represented by the formula. Example 2k to form a phage library. The total yield from the 
5'-GTG-TAX-TXT-TCT-^^ 45 mutagenesis and transformation procedure described herein 

NNS-nns-NNSWNS-NNS-nns-nns-NNS-NNS-nns-NNS- was approximately 5xl0 7 transformants. 

TCXJ-GGC^aa-gog-acc-acg-3' After transformation, to isolate phage on which het- 
where N can be A. C G. or T and S is either C or G (SEQ erodimer expression has been induced for subsequent pan- 
ID NO 120), wherein the 5* end of the primer pool is ning on target antigens such as fluorescein. 3 ml of SOC 
complementary to the 3* end of framework 3 represented by 30 medium (SOC was prepared by admixture of 20 g bacto- 
the complementary nucleotide sequence of the oligonucle- tryptone. 5 g yeast extract and 0.5 g Nad in one liter of 
otide primer B73FR3 and the 3* end of the primer pool is water, adjusting the pH to 7.5 and admixing 20 ml of glucose 
complementary to the 5* end of framework 4. The region just before use to induce the expression of the Fd-cpin and 
between the two specified ends of the primer pool is repre- light chain heterodimer) was admixed and the culture was 
sented by a 48-mer NNS degeneracy which ultimately 55 shaken at 220 rpm for one hour at 37 C* after which 10 ml 
encodes a diverse population of mutagenized CDR3 regions of SB (SB was prepared by admixing 30 g tryptone, 20 g 
of 16 amino acid residues in length. The 3' sense oligonucle- yeast extract and 10 g Mops buffer per liter with pH 
otide primer. CG1Z. as described by Pcrsson et al. supra, adjusted to 7) containing 20 ug/ml carbenicillin and 10 
having the nucleotide sequence ug/ml tetracycline and the admixture was shaken at 300 rpm 
S^GCATGTACnTVGTTrTGTCACAAGATTTGGGO* 60 for an additional hour. This resultant admixture was admixed 
(SEQ ID NO 121). hybridized to the coding strand of the to 100 ml SB containing 50 ug/ml carbenicillin and 10 ug/ml 
heavy chain corresponding to the 3* end of the CHI. The tetracycline and shaken for one hour, after which helper 
second PCR reaction was performed on the pC3-TT7E in a phage VCSM13 (10 12 pfu) were admixed and me admixture 
100 ul reaction as described above containing one ug of each was shaken for an additional two hours. After this time. 70 
of oligonucleotide primers 7ECDR3 and CG1Z. The result- 65 ug/ml kanamycin was admixed and maintained at 30° C. 
ant PCR amplification product was then gel purified as overnight. The lower temperature resulted in better net- 
described above. erodimer incorporation on the surface of the phage. The 
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supernatant was cleared by centrifugation (4000 rpm for 15 
minutes in a JAlOrotor at 4° C). Phage were precipitated by 
admixture of 4% (w/v) polyethylene glycol 8000 and 3% 
(w/v) NaCl and maintained on ice for 30 minutes, followed 
by centrifugation (9000 rpm for 20 minutes in a JA10 rotor 
at 4° C.y Phage pellets were resuspended in 2 ml of PBS and 
microcentrifuged for three minutes to pellet debris, trans- 
ferred to fresh tubes and stored at -20° C. for subsequent 
screening as described below. 

For determining the titering colony forming units (cfu). 
phage (packaged phagemid) were diluted in SB and 1 ul was 
used to infect 50 ul of fresh (AOD60O=l) £. coii XLI-Blue 
cells grown in SB containing 10 ug/ml tetracycline. Phage 
and cells were maintained at room temperature for 15 
minutes and then directly plated on LB/carbenicillin plates, 
c Selection of Anti-Fluoresccin Heterodimers on Phage 
Surfaces 

1) Multiple Pannings of the Phage library Having 
Mutagenizcd CDR3 Regions 

The phage library produced in Example 6b having heavy 
chain fragments with mut&gem'zed CDR3 regions was 
panned as described herein on a microtiter plate coated with 
a 50 ug/ml fluoresccin-BSA conjugate to screen for anti- 
fluorescein heterodimers. Fluorescein was conjugated to 
BSA according to the methods described in **Antibodies: A 
Laboratory Manual", eds Harlow et al. Cold Spring Harbor 
Laboratory. 198S. 

The panning procedure described was a modification of 
that originally described by Parmley and Smith (Parmley et 
al.. Gene, 73:30-5-318). Two to four wells of a microtiter 
plate (Costar 3690) were coated overnight at 4° C with 25 
ul of 50 ug/ml antigen prepared above in 0.1M bicarbonate. 
pH 8.6. The wcDs were washed twice with water and 
blocked by completely filling the well with 3% (w/v) bovine 
serum albumin (BSA) in PBS and incubating the plate at 37° 
C. for 1 hour. Blocking solution was shaken out. 50 pi of the 
phage library prepared above (typically 10 u era) was added 
to each well, and the plate was incubated for 2 hours at 37° 
C. 

Phage were removed and the plate was washed once with 
water. Each well was then washed 10 times withTBS/Tween 
(50 mM Tris-HQ. pH 7.5. 150 mM NaCL <X5% Tween 20) 
over a period of 1 hour at room temperature — pipetted up 
and down to wash the well, each time allowing the well to 
remain completely filled with TBS/TWeen between wash- 
ings. The plate was washed once more with distilled water 
and adherent phage were eluted by the addition of 50 ul of 
elution buffer (0.1M HQ adjusted to pH 22 with solid 
glycine, containing 1 mg/ml BSA) to each well and incu- 
bation at room temperature for 10 minutes. The elution 
buffer was pipetted up and down several times, removed, 
and neutralized with 3 ul of 2M Iris base per 50 ul of elution 
buffer used. Eluted phage were used to infect 2 ml of fresh 
(ODeoo^l) £ coU XU-Blue cells for 15 minutes at room 
temperature, alter which 10 ml of SB containing 20 ug/ml 
carbenicillin and 10 ug/ml tetracycline was admixed. 
[Aliquot (20, 10. and Vio ul) were removed for plating to 
determine the number of phage (packaged phagemids) that 
were eluted from the plate.] The culture was shaken for 1 
hour at 37° C. after which it was added to 100 ml of SB 
containing 50 ug/ml carbenicillin and 10 Mg/ml tetracycline 
and shaken for 1 hour. Then helper phage VCSM13 (10 12 
pfu) were added and the culture was shaken for an additional 
2 hours. After this time. 70 ug/ml kanamycin was added and 
the culture was incubated at 37° C. overnight Phage prepa- 
ration and further panning were repeated as described above. 



Following each round of panning, the percentage yield of 
phage must be determined, where % yield — (number of 
phage eluted/aumbex of phage applied) xlOO. 

As an alternative to elution with acid, phage bound to the 

5 wells of the microtiter plate were eluted by admixing 50 ul 
of a solution of 10~ 3 M fluorescein diluted in PBS followed 
by a maintenance period of one hour at 37 C. The solution 
was then pipetted up and down to wash the wells. The 
resultant eluate was transferred to 2 ml of fresh E, coU 

10 XLI-Blue cells for infection as described above for prepar- 
ing phage and further panning. In subsequent rounds of 
panning, phage were eluted with 10^M fluorescein. 

The results of the amount of phage that were specifically 
bound to fluoresce in-coated wells over four consecutive 

13 rounds of panning and eluted with acid or with fluorescein 
alone are shown below in Table 8. Comparable yields of 
phage on which heterodimers were expressed mat bound 
specifically to fluorescein were achieved with either elution 
protocol. Approximately 20 clones of the 5xl0 7 clones 

20 resulting from the mutagenesis and transformation exhibited 
specificity of binding towards fluorescein-coated wells. 
These data confirm that mutagenesis of the CDR3 region as 
described in this invention resulted in the altering of a 
heterodimer which initially specifically bound to TT to one 

23 that specifically bound fluorescein. 

TABLE 8 



30 



35 





Phue Eluted 






Acid Elution 


Fluorescein Elutioii 


round 1 


5.6 x lOVweD 


4.7 x lOVweD 


round 2 


4.6 x lO^/weU 


5.6 x lOVweU 


round 3 


3.75 x lOVwcll 


135 x 10*/wen 


round 4 


131 x lOVwell 


4.0 x ICfVweD 



2) Preparation of Soluble Heterodimers for 
Characterizing Binding Specificity to Fluorescein 

40 In order to further characterize the specificity of the 
mutagenized heterodimers expressed on the surface of phage 
as described above, soluble heterodimers were prepared and 
analyzed in ELISA assays on fluorescein-coated plates, by 
competive ELISA with increasing concentrations of soluble 

45 fluorescein-BSA and also by fluorescence quenching assays. 
The latter assays were performed as described in "Fluores- 
cein Hapten: An Immunological Probe**, ed E. W. Voss. CRC 
Press. Inc. pp 52-54. 984. 
To prepare soluble heterodimers. phagemid DNA from 

50 positive clones was isolated and digested with Spel and 
NheL Digestion with these enzymes produces compatible 
cohesive ends. The 4.7-kb DNA fragment lacking the glH 
portion was gel-purified (0.6% agarose) and self-ligated. 
Transformation of E. coli XLI-Blue afforded the isolation of 

55 recombinants lacking the gUI fragment Clones were exam- 
ined for removal of the gUI fragment by Xhol/Xbal 
digestion, which should yield an 1.6-kb fragment. Clones 
were grown in 100 ml SB containing 50 ug/ml carbenicillin 
and 20 mM MgQ 2 at 37° C until an OD^ of 0.2 was 

60 achieved. ffTG (1 mM) was added and the culture grown 
overnight at 30° C. (growth at 37° C provides only a tight 
reduction in heterodimer yield). Cells were pelleted by 
centrifugation at 4000 rpm for 15 minutes in a J A 10 rotor at 
4° C. Cells were resuspended in 4 ml PBS containing 34 

65 ug/ml phenylmethylsulfonyl fluoride (PMSF) and tysed by 
so ni cation on ice (2-4 minutes at 50% duty). Debris was 
pelleted by centrifugation at 14.000 rpm in a JA20 rotor at 
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4° C. for 15 minutes. The supernatant was used directly for Insofar as immunoglobulin genes have three CDR regions 

ELJSA analysis and was stored at -20° C. For the study of on both the heavy chain and the light chain of an 

a large number of clones. 10-ml cultures provided plenty of irnrnunoglobulin. each separated by a distinctive framework 

heterodimcr for analysis. In this case, sonications were region, it is to be understood that the above example is 

performed in 2 ml of buffer. 5 readily applicable to introducing mutations into a specific 

The soluble heterodimers prepared above were assayed by CDR by selection of the above 5' and 3' nucleotide 

ELISA For this assay. 1 ug/well of fiuorescein-BSA solu- sequences as to hybridize to the framework regions flanking 

tion was admixed to individual wells of a microuter plate the targeted CDR. Thus the above first and second frame- 

and maintained at 4° C overnight to allow the protein work sequences can be the conserved sequences flanking 

solution to adhere to the wails of the welL After the 10 CDR1 CDR2 or CDR3 ; on either! ^e heavy or light chain. 

rTnt^a^e period, the wells were washed one time with Exemplary and preferred is 

FBSandUiereaftexinaintainedwithasolutionof3%BSAto Aoglobulin heavy chain 

block nonspecific sites on the wells. The plates were main- ^ length of the 3' and 5 terminal nucleotide sequences 

Sea TwC f or one hour after which time the plates were of a subjecimuugenizing ougonudeot.de can vary inj length 

lain ; \ # bc * crtiiitiAn <Jnh.M<. « * well known, so long as the length provides a stretch of 

inverted and shaken to remove the -15 nucleotides complementary to the target framework 

heterodimers prepared above were then acomxed to each ccs as to h F ybridiz e mcrct0 . ia th c case of the 3' 

well and maintained at 37° C for one hour to form an nuc ieotide sequence, it must be of sufficient length 

immunoreaction products. Following the maintenance ^ complementarity to ^ target framework region located 

period, the wells were washed 10 times with PBS to remove 3. (0 me q) R region to be mutagenized as to hybridize and 

unbound soluble antibody and then maintained with a sec- ^ p^yj a j hydroxyl terminus for initiating a primer exten- 

ondary goat ana-human FAB conjugated to alkaline phos- sion reaction. In the case of thc 5' terminal nucleotide 

phatase diluted in PBS containing 1% BSA. The wells were sequence, it must be of sufficient length and complementa- 

maintained at 37° C for one hour after which thc wells were ^ty to the target framework region located 5' to the CDR 

was 10 times with PBS followed by development with region to be mutagenized as to provide a means for hybrid- 

p-oitrophenyl phosphate. 25 izing m a PCR overlap extension reaction as described 

Immunoreacu've heterodimers as detexniined in the above above to assemble the complete immunoglobulin heavy or 

ELISa were then analyzed by competition ELBA to deter- light chain. 

mine the affinity of the mutagenized heterodimers. The Framework regions flanking a CDR are well characterized 

ft IS A was performed as described above with increasing in the immunological arts, and include known nucleotide 

concentrations of soluble fiuorescein-BSA ranging in con- 30 sequences or consensus sequences as described elsewhere 

centration from 10"^ up to lCT 5 ]* in concentration herein. Where a single. ^csde<^d irnrnunoglobulin gene is 

admixed in the presence of the soluble heterodimers. Maxi- to be mutagenized the framewcck-denne4^D«s flank- 

redhibition of binding was achieved at a concentration of a particular CDR are ^own^ ^ r^ooly deter- 

ognke and bind to fluorescein. Additional experiments were desmted elsewhere herein. 

permed to confirm that the mutagenized heterodimers no *eferably. leng* of the 3' and 5 ter^nucleo^e 

linger recognized the TT to which they nonmutagenized sequences are each at least 6 nudeotides in length, and can 

he^eVodimer originally bound. Fluorescence quenching be up to 50 or more nudeotides in length, although these 

assays were also performed to confirm the specificity of lengths are unnecessary to assure accurate and "r^oduable 

bincL of the mWnized heterodimers. Soluble net. hybridization. Preferred are lengfcs in the range of 12 to 30 

erSers prepared tan phage that were timer eluted with audeotides. and typically are about 18 nucleoudes. 

acid or with fluorescein alone were equally effective at A particularly preferred framework-defined nucleotide 

binding fluorescein by any of the aforementioned 45 **^ fraMa3, !f!^ 

approaches. The invention of mutagenesis of the CDR3 nudeotide sequence 5 -TGGGGCCAAGGGACCACG-3 

region of the heavy chain of a hctcrodimer described herein (SEQ ID NO 122). 

raus resiitted m me alterati^^ A particularly preferred framework-defined nucleotide 

to fluorescein. sequence for use as a 5* terminus nucleotide sequence has the 

Thus.&eatoveexarnplefflust^ 50 nucleotide sequence 5'-GTGTATTATrGTGCGAGA-3' 

the present invention for mutagenizing the complementarity (SEQ ID NO 123). 

determining region (CDR) of an irnrnunoglobulin gene, and The nucleotide sequence located between the 3' and 5* 

also illustrates oligonudeotides useful therefor. termini adapted for mutagenizing a CDR can be any nude- 

In one embedment, therefore, an oligonucleotide is con- otide sequence, insofar as the novd sequence will be incor- 

templated that is useful as a primer in a polymerase chain 55 porated by the above methods. However, thc present 

reaction (PCR) for inducing mutagenesis in a coraplemen- approach provides a means to produce a large population of 

tarity determining region (CDR) of an inirnunoglobulin mutagenized CDR's in a single PCR reaction by the use of 

gene The oligonucleotide has 3' and 5' termini and com- a population of redundant sequences defining randomized or 

prises (1) a nudeotide sequence at its 3' terminus capable of nearly randomized nudeotides in the CDR region to be 

hybridizing to a first framework region of an inimunoglo- 60 mutagenized. 

bulin gene. (2) a nucleotide sequence at its 5' terminus A preferred oligonucleotide comprises a nucleotide 

capable of hybridizing to a second framework region of an sequence between the above described 3' and 5' terrnini that 

immunoglobulin gene, and (3) a nudeotide sequence is represented by thc formula: |NNS]„ or INNK}„. wherein 

between the 3* and 5 terrnini adapted for introducing muta- N can independently be any nudeotide. where S is G or C 

tions during a PCR into the CDR region between the first 65 K is G or T. and where n is from 3 to about 24. In preferred 

and second framework regions of the immunoglobulin gene, enibodiments the preferred oligonudeotides have the for- 

thereby mutagenizing the CDR region. inula: 
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y^ntn^JTATTGTOC GAO AfNNS 1.TGGGGCCAAGGG AC- 
CACG-3* (SEQ ID KO: 124) and 5*-<nGTAITATIYJrGC- 
GAG AfNNK ^TGGGGCCAACXXJ ACCACG-3* (SEQ ID NO: 
125). 

Exemplary aod particularly preferred is the oligonucleotide 
where with the formula [NNS]„ and n is 16. such that the 
oligonucleotide represents a large population of redundant 
oligonucleotide sequences. 

The invention also contemplates a mutagenesis method 
for altering the immunological specificity of a cloned immu- 
nologlobulin gene. The method provides direct mutagenesis 
in a preselected COR of an immunoglobulin gene which 
comprises subjecting a recombinant DNA molecule (rDNA) 
containing the cloned immunoglobulin gene having a target 
CDR to PCR conditions suitable for amplifying a prese- 
lected region of the CDR. In the method, the rDNA molecule 
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is subjected to PCR conditions that include a PCR primer 
oligonucleotide as described above constituting the first 
primer in a PCR primer pair as is well known to produce an 
amplified PCR product that Is derived from the preselected 
5 CDR region but that includes the nucleotide sequences of 
the PCR primer. The second oligonucleotide in the PCR 
amplifying conditions can be any PCR primer derived from 
the immunoglobulin gene to be mutagenized, as described 
herein. 

10 

Preferred are methods using an oligonucleotide of this 
invention as described above. 

The foregoing is intended as illustrative of the present 
invention but not limiting. Numerous variations and modi- 
15 fi cations can be effected without departing from the true 
spirit and scope of the invention. 



SEQUENCE USTJNO 

( 1 ) GENERAL INFORMATION: * 

(tit ) NUMBER OF SEQUENCES: 125 

( 2 ) INFORMATION FOR SEQ ID NO. I: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 173 h«e pun 
( B ) TYPE: nocjbc add 
( C ) STRANDEDNESS: double 
< D ) TOPOLOOY: Snear 

( i i ) MOLECULE TYPE DNA (gnomic) 

( i f i ) HYPOTHETICAL: NO 

( i t ) ANTI-SENSE; NO 

( x i) SEQUENCE DESCRIPTION: SEQ ID NO:l : 
OOCCOCAAAT TCTATTTCAA OOAOACAOTC ATAATOAAAT ACCTATTOCC TACOOCAOCC 60 
OCTOOATTOT TATTACTCGC TOCCCAACCA OCCATOOCCC AOOTGAAACT OCTCOAOATT 120 
TCTAOACTAO TTACCCOTAC OACOTTCCGO ACTACOOTTC TTAAT AOAAT TCO 173 

( 2 ) INFORMATION FOR SEQ ID N02: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 173 baae pain 
( B ) TYPE: uxkx add 
( C ) STRANDEDNESS: doable 
( D ) TOPOLOGY: fine* 

( i i ) MOLECULE TYPE: DNA (gcsomk) 

(iit ) HYPOTHETICAL: NO 

( i t ) ANTI-SENSE: NO 

(xx) SEQUENCE DESCRIPTION: SEQ ID N02: 
TCOACOAATT CTATTAAOAA CCOTAOTCCO OAACOTCOTA COOOTAACTA OTCTAOAAAT 60 
CTCOAOCAOT TTCACCTOOO CCATOOCTOO TTOOOCAOCO AOTAATAACA ATCCAOCOOC 120 
TGCCOTAGOC AATAOOTATT TCATTATOAC TOTCTCCTTO AAATAOAATT TOC 173 

( 2 ) INFORMATION FOR SEQ ID NOJ: 



( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 131 tee pan 
( B ) TYPE: ondek -cki 
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-continued 

( C ) STRANDEDNESS: double 
( D ) TOPOLOGY: fine* 

( i i ) MOLECULE TYPE: DNA <gcaocmc) 

( i i i > HYPOTHETICAL: NO 

( i r ) ANTI-SENSE: NO 

( x i ) SEQUENCE DESCRIPTION: SEQ ID NCh3: 
TOAATTCTAA ACTAOTCGCC AAOOAOACAO 
CCGCTGOATT OTTAT TACTC CCTOCCCAAC 
TTAAOCOOCC O 

( 2 ) INFORMATION FOR SEQ ID NOt4c 

< i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 139 base pan 
( B ) TYPE: ouc kic acid 
( C ) STRANDEDNESS: doable 
( D ) TOPOLOGY: fine* 

( i i ) MOLECULE TYPE: DNA (gcoonac) 

( i i i ) HYPOTHFTICAL: NO 

(it) ANTI-SENSE: NO 

( x i ) SEQUENCE DESCRIPTION: SEQ ID NO* 
TCOACOOCCG CTTAACTCTA OAACTOACOA 
ATAACAATCC AOCOCCTOCC GTAOOCAATA 
CTAOTTTAOA ATTCAAOCT 

( 2 ) INFORMATION FOR SEQ ID N03: 

{ i ) SEQUENCE CHARACTERISTICS: 

< A ) LENGTH: 21 amino acids 
( B )TYPE: amino mad 
( D )TOPOLOOY: uksm 

. ( t > ) MOLECULE TYPE: peptide 

{ i i i ) HYPOTHETICAL: NO 

(li ) SEQUENCE DESCRIPTION: SEQ ID NOA 

Me r Ly» Tyr Leo Leo Pro Tbr Alt Aim Ala Oly Leo Leo Leu Leo Alb 
I 3 10 13 

Ala Ola Pro At* Met 

2 0 

< 2 ) INFORMATION FOR SEQ ID NO^fc 

( i > SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 23 nuo acids 

< B ) TYPE: amiao acid 

( D ) TOPOLOGY: oaksown 

( i i ) MOLECULE TYPE: peptide 

( i i i ) HYPOTHETICAL: NO 

( t i ) ORIGINAL SOURCE: 

( A ) ORGANISM: Enrbu cmctxmn 

( X i ) SEQUENCE DESCRIPTION: SBQ ID NChfc 

' Mai Ly« Tyr Leo Leo Pro Tbr Ala Ala Ala Oly Leo Leo Leo Leo Ala 
1 5 10 15 



TCATAATOAA ATACCTATTG CCTACGOCAO 60 
CAOCCATOCC COAOCTCOTC AOTTCTAGAO 120 

1 3 I 



OCTCOOCCAT GOCTGOTTGO OCAOCGAOTA 60 
OOTATTTCAT TATOACTOTC TCCTTGOCOA 120 

I 3 9 
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-continued 



A 1 t Ola Pro Ala CI a Pro Ala Met Ala 

20 2 5 



( 2 ) INFORMATION FOR SEQ ID NCh7: 



( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 22 amino acid! 
( B ) TYPE: amino acid 
( D ) TOPOLOGY: unknown 

< i i ) MOLECULE TYPE: peptide 
(iis) HYPOTHETICAL: NO 

< v i ) ORIGINAL SOURCE: 

( A > ORGANISM: Erwinia 

( x j ) SEQUENCE DESCRIPTION: SEQ ID NC*7: 

Met Lyi Ser Loo lie Tbt Pro lie Ala Ala Oly Leu Lou Leu Ala Pbe 
j 3 10 13 

Set OloTyr Ser Leu Ala 
2 0 

< 2 ) INFORMATION FOR SEQ ID NOc& 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 2» mono adds 
( B )TYPE: «m«» acid 
( D > TOPOLOGY: uaknowo 

( i i )moi^cui^ type- peptide 

( i i » ) HYPOTHETICAL: NO 

( x x ) SEQUENCE DESCRIPTION: SEQ ID NO:8: 

Met Lys lie Ly» Thr Oly Ala At g lie Le.B Ala Leu Set Ala Leo Tbr 
1 5 10 13 

Tbr Mel Met Phe Ser Ala Ser Ala L c u A I a Lys lie 

20 25 

( 2 > INFORMATION FOR SEQ ID NO& 

( I > SEQUENCE CHARACTERISTICS: - 
( A ) LENGTH: 24 amao add* 
( B ) TYPE: xmao add 
( D ) TOPOLOOY: onknowe 

< i i ) MOLEOJLE TYPE: peptitte 
( i i i ) HYPOTHETICAL: NO 

( x i ) SEQUENCE DESCRIPTION: SEQ ID NOA 

Met Met Ly« Arg Asa lie Lou Ala Val lie Val Pro Ala Leo Leo Val 

1 3 10 15 . 

Ala Oly Tbr Ala An Ala All Ol a 

2 0 

( 2 ) INFORMATION FOR SEQ ID NO: 10: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 23 ambo add* 
( B )TYFE: mmao acid 
( D )TC*OUXrEfl 

( i i ) MOLECULE TYPE: peptide 

( i i i ) HYPOTHETICAL: NO 



( x i ) SEQUENCE DESCRIPTION: SEQ ID NO: 10: 
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Met Ly» Olo Sei Tbr [ l-« Alt Leo Ala Leo Leo Pro Leo Le» P b e * T b r 
I 5 10 'J 

p»oValTbiLy»AlaArgTtar 
2 0 

( 2 ) rNPORMXnON FOR SBQ ID NO: 1 1: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 25 amino adds 
( D )TYPE: amino acid 
( D ) TOPOLOGY: unknown 

( i i ) MOLECULE TYPE: pefttk 

( t i i ) HYPOTHETICAL: NO 

( a i ) SEQUENCE DESCRIPTION: SEQ ID NOU1: 

Met Str lit Ola Hit Pbe Arg Vil Ala Leo Me Pro Pbe Pb« Ala Ala 

I 5 10 1 5 

Pbe Cy» Leo Pro V»l Pbe Ala Hit Pro 
2 0 2 3 

( 2 ) INFORMATION FOR SEQ ID NO: 12: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 27 amino acids 
( B ) TYPE: anaao acid 
( D ) TOPOLOOY: onkaowe 

( i t ) MOLECULE TYPE: peptide 

(iit ) HYPOTHETICAL: NO 

< x i ) SEQUENCE DESCRIPTION: SEQ ID NO:12: 

Met Met lie Tbr Leo Arg Lyi Leo Pro Leo Ala Val Ala Val Ala Ala 
I 5 10 15 

Oly Val Met Str Ala Oln Ala Met Ala Val Alp 

2 0 2 5 

( 2 )IMWlMAT10NPORSBQIDNO:13: 

{ i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 22 amino tods 
( B ) TYPE: amino acid 
( D ) TOPOLOOY: onkoowe 

{ t i ) MOLECULE TYPE: peptide 

(Mi ) HYPOTHETICAL: NO 

< x i ) SEQUENCE DESCRIPTION: SEQ ID NO: 13: 

Met Lyi Ala Tbr Lyi Leo Val Loo Oly Ala Val Mo Leo Oly Ser Tbr 
, 5 10 15 

Loo Leu Ala Oly Cy* Ser 
2 0 

( 2 ) INFORMATION FOR SEQ ID NOtM: 

( i ) SEQUENCE CHARACTERISTICS: 

< A ) LENGTH: 23 amino acidi 
( B )TYPE: ammo acid 

< D )TOPOLOOY:i 

( i i ) MCliSCULE TYPE: peptide 
(Mi ) HYPOTHETICAL: NO 



( x i ) SEQUENCE DESCRIPTION: SEQ ID NO:14: 
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Met L y * Ly i Ser Leo Val Leo Lp Al » Ser Val Ala V»l Ala Tbr Leo 
1 5 10 ■ * 



Val Pro Mel Leu Ser Pbe Ala 
2 0 

( 2 ) INFORMATION FOR SEQ ID NO. 15: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 18 bom acvb 
( B ) TYPE: amino acid 
( D ) TOPOLOGY: unknown 

( i i ) MOLECULE TYPE: pepode 

( j i i ) HYPOTHETICAL.: NO 

( x i ) SEQUENCE DESCRIPTION: SEQ ID NO-.15: 

Met Lyi Ly i Leo Leo Pbe Ala Me Pro Leo Val Va! Pro Pbe Tyr Ser 
j 3 10 13 

Hit Ser 

( 2 ) INFORMATION FOR SEQ ID NO:l6: 

( a ) SEQUENCE CHARACTERISTICS: 

( A ) LENGTH: 21 1 amino acid* 
( B ) TYPE: «xnno acid 
( D ) TOPOLOOY: onknowo 

( i i ) MOLECULE TYPE: potein 

(iii ) HYPOTHETICAL: NO 

( * ) FRAGMENT TYPE: bwxnal 

| i j ) SEQUENCE DESCRIPTION: SEQ ID NO-.16: 



Pro 
1 



Pbe Val Cy i Olo Tyr Ola Gly GIo Oly Ola Set Ser Aip Leo Pro 
5 10 15 

Ola Pro Pro Val A.o All Oly Oly Oly Ser Oly Oly Gly Ser Oly Oly 

20 25 30 

Gly Ser Olo Oly Oly Oly Ser Olo Gly Oly Oly Ser GIo Oly Oly Oly 
35 *0 4 * 

Ser Olo Oly Oly Oly Ser Oly Oly Oly Ser Oly Ser Oly A»p Pbe A » p 
5 0 5 5 « 0 

Tyr Olo Ly t Met Ala A»a Ala A* a Ly i Oly A I a Me t Tbr Olo Asa A 

65 70 • ' 



7 5 8 0 



A.p Olo Ata Ala Leo Ola Ser A*p Ala Lyi Oly. Lyi Leo A»p Ser V.I 

S3 9 0 9 5 

Ala Tbr Aip Tyr Oly Ala Ala lie Asp. Oly Pbe lie Oly A*p Val Ser 

10 0 103 110 

Oly Leo Ala A a « Oly A. a Oly Ala Tbr Oly Aip Pbe Ala Oly Sot Ata 



1 1 5 



1 2 5 



Ser Ola Met Ala Ola Val Oly Aip Gly Aip Aia Ser Pro Leo Met Aia 

1 3 0 1 3 5 I «0 

Aid Pbe Arg Olo Tyr Leo Pro Ser Lea Pro Ola Ser Val Olo Cyi At | 

145 150 155 1«0 

Pro Pbe Val Pbe Sor Ala Gly Ly* Pro Tyr Olo Pbe Ser lie A*p Cy* 

16 5 17 0 17 5 

A*p Ly* II* A»n Loo Pbe Arg Oly Val Pbe Ala Pbe Leo Lea Tyr Val 

ISO 183 190 

Ala Tbr Pbe Met Tyr Val Pbo Ser Tbr Pbe Ala A»a lie Leo Arg An 



5.759.817 

79 80 

-continued 



Lp Ola Set 
2 1 0 

( 2 ) INFORMATION FOR SEQ ID NO. 17: 

( i ) SEQUENCE CHARACTERISTICS: 
{ A ) LENGTH: 50 *moo add* 
{ B ' ) TYPE; mono acid 
( D ) TOPOLOGY: mksa^m 

( » i ) MOLECULE TYPE: F0«rio 

(tii ) HYPOTHETICAL: NO 

<x i) SEQUENCE DESCRIPTION: SEQ ID NO: 17: 

Ala Gin Oly Atp Asp Pro AH Lyi All All Pbe A»n Set Loo Ola Ala 

Scr Ala Thi O 1 t> Tyi lie Oly Tyr Ala Trp Ala Mat Val v»| V.l lie 

20 25 30 



Val Oly At* Thr lie Oly lie Ly i Leo Pbe Lya Ly» 



Pbe Thr Ser Lyi 



Ala Set 

5 0 



( 2 ) INFORMATION FOR SEQ ID NO.IS: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 30 base pain 
( B )TYPE: iwcloc tad 
( C ) STRANDEDNESS: doable 
{ O ) TOPOLOGY: line* 

( i i ) MOLECULE TYPE: RNA (acacxaic) 

< i i i ) HYPOTHETICAL: NO 

( i » ) ANTI-SENSE: NO 

( x i ) SEQUENCE DESCRIPTION: SEQ ID NO.18: 
AAUCUUOOAO OCUUUUUUAU OOUUCOUUCU 

( 2 ) INFORMATION FOR S8Q ID NOilSfc 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 30 base pain 
( B ) TYPE: anckk *od 
( C ) STRANDEDNESS: doable 

< D ) TOPOLOOT fisear 

( i i ) MOLECULE TYPE: RNA (gaw«) 
( i i i ) HYPOTHETICAL: NO 
( a ▼ ) ANTi-SENSE: NO 

( x i ) SEQUENCE DESCRIPTION: SEQ ID NOtl9: 
UAACUAAOOA UOAAAUOCAU OUCUAAOACA 

( 2 ) INFORMATION FOR SEQ ID NO-JO: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 30 bate pen 
( B ) TYPE: m-Wic acid 

< C ) STRANDEDNESS: doable 

< D ) TOPOLOOY: fine* 

( i i ) MOLECULE TYPE: RNA 
( 1 i i ) HYPOTHETICAL: NO 
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( i » ) ANTI- SENSE: NO 

SEQUENCE DESCRIPTION: SEQ ID NO-Jth 
UCCUAGGAGO UUUO ACCU AU GCO AOCUUUU 



( 2 > INFORMATION FOR SEQ ID NCfc21: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 30 bu« pars 
( B ) TYPE: nxkic tad 
{ C ) STRANDEDNESS: tkxfcJe 
( D ) TOPOLOGY: Brer 

( i i ) MOLECULE TYPE: RNA (gtaexnic) 

(ti« ) HYPOTHETICAL: NO 

{ i v )ANTVSENSE:NO 

(ii ) SEQUENCE DESCRIPTION: SEQ ID NOai: 
AUOUACUAAO OAOOUUOUAU OOAACAACOC 



( 2 ) INFORMATION FOR SEQ ID NO-.22: 

( i > SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 32 tes» pus 
( B ) TYPE: wcJoc aod 
( C ) STRANDEDNESS: angle 
( X> ) TOfOLOGY: fioew 

( i > ) MOLECULE TYPE: DNA feowtnic) 

(iti ) HYPOTHETICAL: NO 

( i ▼ ) ANTI-SENSE: NO 

( x i ) SEQUENCE DESCRIPTION: SEQ ID N022: 
OGCCGCAAAT TCTATTTCAA GOAOACAOTC AT 



( 2 ) INFORMATION FOR SEQ ID NOJ3: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 36 hoc pain 
( B ) TYPE: MJddc aai 
( C ) STRANDEDNESS: mgfe 
( D ) TOPOLOGY: Boar 

( i i ) MOLECULE TYPE: DNA (gcaccmc) 

{ i i i ) HYPOTHETICAL: NO 

( i » ) ANTI-SENSE: NO 

( x i ) SEQUENCE DESCRIPTION: SEQ ID NOS3: 
AATGAAATAC CTATTOCCTA COGCAOCCOC TOO ATT 



( 2 > INFORMATION FOR SEQ ID NOt24: 

( t )SEQUENCB CHARACTERISTICS: 
( A ) LENOTH: n bM« pm 
f B )TYPE: oxide «od 
( C ) STRANDEDNESS: smgle 
( D ) TOPOLOGY: fiaur 

( i i ) MOLECULE TYPE: DNA (Btaxxmc) 

(tii ) HYPOTHETICAL: NO 

( i t )ANTkSENSE: NO 



( x i > SEQUENCE DESCRIPTION: SEQ ID N004: 
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OTTATTACTC GCTOCCCAAC CAGCCATOGC CC 



( 2 ) INFORMATION FOR SEQ ID NOS5: 

{ i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 29 ba%e pa« 
< B ) TYPE: nucleic acid 
( C ) STRANDEDNESS: nagfe 
( D ) TOPOLOGY: Qoe« 

{ i i ) MOLECULE TYPE: DNA {genomic) 

< i t i ) HYPOTHETICAL: NO 

( i t ) ANTI-SENSE: NO 

( % i ) SEQUENCE DESCRIPTION: SEQ ID N023: 
CAOTTTCACC TOGOCCATOO CTOOTTOOO 

( 2 > INFORMATION FOR SEQ ID N026: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 40 b«c ptan 
( B ) TYPE: nockic «d 
( C ) STRANDEDNESS: smgle 
( D ) TOPOLOGY: linear 

( i i ) MOLECULE TYPE: DNA (genomic) 

{ i i i ) HYPOTHETICAL: NO 

( i * ) ANTI-SENSE: NO 

( i , ) SEQUENCE DESCRIPTION: SEQ ID NOr26: 
CAOCOAOTAA TAACAATCCA GCOGCTOCCO TAOOCAATAO 

( 2 ) INFORMATION PGR SEQ ID N037: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 38 boo pen 
( B )TYPE: oocfek add 
( C ) STRANDEDNESS: un*W 
(D)TOPOLOGY:B» 

< i i ) MOLECULE TYPE: DNA (genomic) 
(ill) HYPOTHETICAL: NO 

< i * ) ANTI-SENSE: NO 

( x i ) SEQUENCE DESCRIPTION: SEQ ID NOJ7: 
OTATTTCATT ATOACTOTCT CCTTOAAATA OAATTTGC 

( 2 ) INFORMATION FOR SEQ ID N02S: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 40 bm jwn 
( B ) TYPE: nxkic add 
{ C ) STRANDEDNESS: xmgte 
{ D )TOPOLOGY: fiaev 

( i i ) MOLECULE TYPE: DNA {genomic) 

(lit ) HYPOTHETICAL: NO 

( i r ) ANTI-SENSE: NO . 

(li ) SEQUENCE DESCRIPTION: SEQ ID N02S: 
AOOTOAAACT OCTCOAOATT TCTAOACTAO TTACCCOTAC 



( 2 ) INFORMATION FOR SEQ ID N029: 
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{ i > SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 38 baac pain 
( B ) TYPE : Duckx n) 
( C ) STRANDEDNESS: *mgk 
( D ) TOPOLOGY: linear 

( i i ) MOLECULE TYPE: DNA (genomic) 

( iii ) HYPOTHETICAL: NO 

( i t ) ANTI-SENSE: NO 

( x i ) SEQUENCE DESCRIPTION: SEQ ID NOS* 
CGOAACOTCG TACOOOTAAC TAOTCTAOAA ATCTCOAO 



( 2 ) INFORMATION FOR SEQ ID NOOO: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 33 tea* pm 
( B ) TYPE: index acid 
( C ) STRANDEDNESS: wa$te 
( D ) TOPOLOGY: fine* 

< i i ) MOLECULE TYPE: DNA (acnotnic) 
(sii ) HYPOTHETICAL: NO 

(it) ANTI-SENSE: NO 

< x i > SEQUENCE DESCRIPTION: SEQ ID NO-JO: 
OACGTTCCOO ACTACGOTTC TTAATAOAAT TCO 



( 2 ) INFORMATION FOR SEQ ID NOJl: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 23 beac pm 
( B ) TYPE: nockac acid 
( C ) STRANDEDNESS: ikigie 
( D )TOPOLO0Y:fincjr 

( i j ) MOLECULE TYPE: DNA (genomic) 

(iii ) HYPOTHETICAL: NO 

(it) ANTI-SENSE: NO 

( % i ) SEQUENCE DESCRIPTION: SEQ ID NO-Jl: 
TCOACOAATT CTATTAAOAA CCOTAOTC 



( 2 ) INFORMATION FOR SEQ ID NOJ2: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 34 base psn 
. < B ) TYPE: aucleic acid 
( C ) STRANDEDNESS: single' 
( D ) TOPOLOGY: linear 

( i i ) MOLECULE TYPE: DNA (genomic) 

(iii ) HYPOTHETICAL: NO 

(it) ANTI-SENSE: NO 

(it ) SEQUENCE DESCRIPTION: SEQ ID NO-32: 
TOAATTCTAA ACTAOTCOCC AAOOAOACAO TCAT 



( 2 ) INFORMATION FOR SBQ ID N033: 

( t ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 36 base pan 
( B )TYPE: vicleie acid 
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( C ) STRANDEDNESS: lingle 
( D ) TOPOLOGY: Enear 

( i i ) MOLECULE TYPE: DNA (genomic) 

( i i i ) HYPOTHETICAL: NO 

( i v ) ANTI-SENSE: NO 

( i i ) SEQUENCE DESCRIPTION: SEQ ID NO-J3: 
AATOAAATAC CTATTOCCTA COOCAOCCOC TOOATT 

( 2 ) INFORMATION FOR SEQ ID NO-34: 

< i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 31 base pain 
( B ) TYPE: ndae mad 
( C ) STRANDEDNESS: uagfc 
( D ) TOPOLOOY: EacM 

( i i ) MOLECULE TYPE: DNA (genomic) 

( i i i ) HYPOTHETICAL: NO 

( i v ) ANTI-SENSE: NO 

( x i ) SEQUENCE DESCRIPTION: SEQ ID NO-34: 
GTTATTACTC OCTOCCCAAC CAOCCATOCC C 

( 2 ) INFORMATION FOR SEQ ID N035: 

( i ) SEQUENCE CHARACTERISTICS: 
{ A ) LENGTH: 30 bate pdn 
( B )TYPE: nockac add 
( C ) STRANDEDNESS: sbtgle 
( D >TOPOLOOY: Edcst 

< i i ) MOLECULE TYPE: DNA (genomic) 

( i i i ) HYPOTHETICAL: NO 

( i v ) ANTI-SENSE: NO 

( % i ) SEQUENCE DESCRIPTION: SEQ ID NO-J5: 
OAGCTCOTCA OTTCTAOAOT TAAOCOOCCO 

( 2 ) INFORMATION FOR SEQ ID N036: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 48 b*wp«* 
( B )TYPE: aocloc add 
( C ) STRANDEDNESS: single 
( D ) TOPOLOGY: linear 

( i i ) MOLECULE TYPE: DNA (gcocamc) 

( i i i ) HYPOTHETICAL: NO 

(it) ANTI-SENSE: NO 

( i i ) SEQUENCE DESCRIPTION: SEQ ID N006: 
OT ATTTCATT ATOACTOTCT CCTTOOCGAC TAOTTT AOAA TTCAAOCT 

( 2 > INPORMATION FOR SEQ ID NO-J7: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 40 beac pain 
( B ) TYPE: *uckic acid 
< C ) STRANDEDNESS: tmgW 
( D ) TOPOLOGY: Sae* 

( i i ) MOLECULE TYPE: DNA (gcnccac) 
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(lit ) HYPOTHETICAL: NO 
(it) ANTI-SENSE: NO 

(xi ) SEQUENCE DESCRIPTION: SEQ ID NO-J7: 
CAGCOAGTAA TAACAATCCA OCOOCTOCCO TAOOCAATA 



( 2 ) INFORMATION FOR SBQ ID NO-3»: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 27 ba*c pain 
( B )TYPE: wckk add 
( C ) STRANDEDNESS: single 
( D >TOPOLOOY: Bnuf 

( i i ) MOLECULE TYPE: DNA {generic) 

( i i i ) HYPOTHETICAL; NO 

(iv) ANTJ-SENSE: NO 

(li) SEQUENCE DESCRIPTION: SEQ ID NO--38: 
TOACOAOCTC OOCCATOOCT GOTTGOO 



( 2 ) INFORMATION FOR SBQ ID NOJ9: 

( i ) SEQUENCE CHARACTERISTICS: 

< A ) LENGTH: 24 base pain 

< B ) TYPE: oockic add 

( C ) STRANDEDNESS: nogfe 

< D ) TOPOLOGY: linear 

( i i ) MOLECULE TYPE: DNA (gctmac) 
( i i i ) HYPOTHETICAL: NO 
( i ▼ ) ANTI-SENSE: NO 

( x i ) SEQUENCE DESCRIPTION: SBQ ID HOJ9: 
TCOACGOCCG CTTAACTC TA OAAC 



( 2 ) INFORMATION FOR SEQ ID hKMCfc 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 22 base pens 
( B >TYPE: aucJoc tad 
( C > STRANDBDNBSS: *n&o 
( D )TOPOLOOY: fiaear 

( i i ) MOLECULE TYPE: DNA (genome) 

( i i j ) HYPOTHETICAL: NO 

{ t » ) ANTJ-SENSE: NO 

( z i ) SEQUENCE DESCRIPTION: SBQ ED NO*): 
A GOT S MARC T KCTCOAOTCW OO 



( 2 )1NPORMATION PORSEQIDNO:*!: 

( i ) SEQUENCE CHARACTERISTICS: 
{ A ) LENGTH: 22 base pain 
( B ) TYPE: n>cfcic add 
< C ) STRANDEDNESS: ssgfc 
{ D ) TOPOLOGY: fine* 

( i i ) MOLECULE TYPE: DNA (genomic) 

( t i i ) HYPOTHETICAL: NO 

( i ▼ ) ANTS-SENSE: NO 
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( x i ) SEQUENCE DESCRIPTION: SEQ ID NO*1: 
AOOTCCAOCT OCTCGAGTCT GO 

{ 2 ) INFORMATION FOR SEQ ID NO:42: 

( i ) SEQUENCE CHARACTERISTICS; 

( A ) LENGTH: 22 base pair* 
( 8 ) TYPE: oudae nod 
( C ) STRANDEDNESS: tingle 
( D ) TOPOLOGY: fine* 

( i i ) MOLECULE TYPE: DNA (genomic) 

(ili ) HYPOTHETICAL: NO 

( i r ) ANTI-SENSE: NO 

( x i ) SEQUENCE DESCRIPTION: SEQ ID NOvC: 
AOOTCCAOCT CCTCGAGTCA OO 

( 2 ) INFORMATION FOR SEQ ID NOr43: 

( i ) SEQUENCE CHARACTERISTICS: 
( A > LENGTH: 22 kmc pen 
( B ) TYPE: oucJbc tad 
( C ) STRANDEDNESS: single 
( D ) TOPOLOGY: 

< i i ) MOLECULE TYPE: DNA (genomic) 

( i i i ) HYPOTHETICAL: NO 

(it) ANTI-SENSE: NO 

( x i ) SEQUENCE DESCRIPTION: SEQ ID NO:43: 
AOOTCCAOCT TCTCOAOTCT OG 

< 2 ) INFORMATION FOR SEQ ID NO*4: 

( i > SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 22 bmc peon 
( B ) TYPE: wxJoe «d 
( C ) STRANDEDNESS: single 
( D ) TOPOLOGY: Eacar 

( i i ) MOLECULE TYPE: DNA (genomic) 

( i i i ) HYPOTHETICAL; NO 

( i ▼ ) ANTI-SENSE: NO 

( x i ) SEQUENCE DESCRIPTION: SEQ ID NCh44: 
AOOTCCAOCT TCTCOAOTCA OO 

( 2 > INFORMATION FOR SEQ ID NO:43: 

< i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 22 awe pan 
( B )TYPE: nockkidd 
( C ) STRANDEDNESS: angle 
( D )TOPOLOOY: foe* 

( i i ) MOLECULE TYPE: DNA (gesamc) 

( i i i ) HYPOTHETICAL: NO 

(it) ANTI-SENSE: NO 

| l i ) SEQUENCE DESCRIPTION: SEQ ID NOc45: 
AOOTCCAACT OCTCOAGTCT OO 
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( 2 ) INFORMATION FOR SEQ ID NO-.46: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 22 base pan 
( B ) TYPE: Doclbc acid 
( C ) STRANDEDNESS: ringle 
( D ) TOPOLOGY: Kxm 

( i i ) MOLECULE TYPE: DNA (gcscmk) 

( i i i ) HYPOTHETICAL: NO 

(it) ANTI-SENSE: NO 

t x i ) SEQUENCE DESCRIPTION: SEQ ID NOt46: 
AOOTCCAACT OCTCOAOTCA GO 



< 2 > INFORMATION FOR SEQ ID NO:47: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH:' Z2 tatt pen* 
( B ) TYPE: DDddc arid 
( C ) STRANDEDNESS: single 
( D) TOPOLOGY: Bae» 

( i i ) MOLECULE TYPE: DNA (genomic) 

( i i i ) HYPOTHETICAL: NO 

(it) ANTI-SENSE: NO 

( x i ^SEQUENCE DESCRIPTION: SEQ ID NQH7: 
AOOTCCAACT TCTCOAOTCT GO 



( 2 ) INFORMATION FOR SEQ ID NO:4S: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 22 base pain 
( B ) TYPE: oockic add 
( C ) STRANDEDNESS: nngle 
{ D ) TOPOLOOY: fia» 

( i i ) MOLECULE TYPE: DNA (genomic) 

( i i i ) HYPOTHETICAL: NO 

( i t ) ANTI-SENSE: NO 

(si) SEQUENCE DESCRIPTION: SEQ ID NO*S: 
AOOTCCAACT TCTCGAOTCA GO 



( 2 ) INFORMATION FOR SEQ ID NO*9: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 22 fane pain 
( B ) TYPE: nucleic add 
( C ) STRANDEDNESS: riagk 
( D ) TOPOLOGY: fioear 

( i i ) MOLECULE TYPE: DNA (gcaamc) 

(■it ) HYPOTHETICAL: NO 

( i v ) ANTI-SENSE: NO 

( » i ) SEQUENCE DESCRIPTION: SEQ ID NO*9: 
AOOTNNANCT NCTCOAOTCW OO 



( 2 ) INFORMATION FOR SEQ ED NO-JO: 
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( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 19 hue pain 
( B ) TYPE: uocJoc acid 
( C ) STRANDEDNESS: single 
( D ) TOPOLOGY: fine* 

( i i ) MOLECULE TYPE: DHA (pownnc) 

( i i i ) HYPOTHETICAL: NO 

(it) ANTI-SENSE: NO 

< i i ) SEQUENCE DESCRIPTION: SEQ ID NOJO: 
OCCCAACOAT CTOCTCACC 



( 2 ) INFORMATION FOR SEQ ID NOSI: 

( i ) SEQUENCE CHARACTERISTICS: 
< A ) LENGTH: 39 bwe pain 
( B ) TYPE: iMckk add 
( C ) STRANDEDNESS: single 
( D ) TOPOLOGY: fine* 

< i j ) MOLECULE TYPE." DNA (gemme) 

( i i i ) HYPOTHETICAL: NO 

( i ▼ ) ANTI-SENSE: NO 

( x i ) SEQUENCE DESCRIPTION: SEQ ID NCfcSl: 
CTATTAGAAT TCAACOOTAA CAOTGOTOCC TTOGCCCCA 



( 2 ) INFORMATION FOR SEQ ID NOS2: 

( i ) SEQUENCE CHARACTERISTICS: 
{ A ) LENGTH: 38 ba*c port 
( B ) TYPE: oxide aod 
( C ) STRANDEDNESS: single 
( D ) TOPOLOGY: Bnur 

( i i ) MOLECULE TYPE: DNA (genomic) 

( i ■ i ) HYPOTHETICAL: NO 

( i v ) ANTI-SENSE: NO 

( % i ) SEQUENCE DESCRIPTION: SEQ ID NCh32: 
CTATTAACTA OTAACOG T A A CAOTOOTOCC TTOCCCCA 



( 2 ) INFORMATION FOR SEQ ID NCh53: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 19 baac pain 
< B ) TYPE: oockk acid 
{ C ) STRANDEDNESS: aiagfc 
( D ) TOPOLOGY: fiatar 

( i i ) MOLECULE TYPE: DNA (gcambc) 

(lis ) HYPOTHETICAL: NO 

( i t ) ANTI-SENSE: NO 

( x i ) SEQUENCE DESCRIPTION: SEQ ID NCfc»: 
CTCAOTATOO TO0TTOT0C 



< 2 ) INFORMATION FOR SEQ ID NOJ4: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 26 base pear* 
( B ) TYPE: wckfc arid 
( C ) STRANDEDNESS: ifflgk 
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( D )TOPOLOOY: linear 
( i i ) MOLECULE TYPE: DNA (gtnomk) 
( i i i ) HYPOTHETICAL: NO 
(it) ANTVSENSE: NO 

( i i ) SEQUENCE DESCRIPTION: SEQ ID NO-54-: 
OCTACTAOTT TTOATTTCCA CCTTOO 



( 2 ) INFORMATION FOR SEQ ID NOt55: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 23 base pairs 
{ B ) TYPE: ouckic acid 
( C ) STRANDEDNESS: ungte 
( D ) TOPOLOOY: Encar 

( i i ) MOLECULE TYPE: DNA (genomic) 

) HYPOTHETICAL: NO 

( i t ) ANTI-SENSE: NO 

( x i ) SEQUENCE DESCRIPTION: SEQ ID NOS5: 
CAOCCATOGC COACATCCAO ATO 



( 2 ) INFORMATION FOR SEQ ID NOi56: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 30 base ptira 
( B )TYPE: nucleic add 
( C ) STRANDEDNESS: tingle 
( D )TOPOLOGY: bats* 

(it) MOLECULE TYPE: DNA (genomic) 

(ill ) HYPOTHETICAL: NO 

( i t ) ANTI-SENSE: NO 

( x i ) SEQUENCE DESCRIPTION: SEQ ID NO-.56: 
A AT T T T A C T A OTCACCTTOO TOCTOCTOOC 



( 2 ) INFORMATION FOR SEQ ID NCh57: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 39 base paw* 
( B )TYPE: DDcleic acid 
{ C ) STRANDEDNESS: tingle 
{ D )TOPOLOOY: linear 

( i ■ ) MOLECULE TYPE: DNA (gnomic) 

( i i i ) HYPOTHETICAL: NO 

(it) ANTI-SENSE: NO 

(it) SEQUENCE DESCRIPTION: SEQ ID NOJ7: 
TATOCAACTA OTACAACCAC AATCCCTOOO CACAATTTT 



< 2 ) INFORMATION FOR SEQ ID N038: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 30 base pwn 
( B )TYPE: rockac acid 
( C ) STRANDEDNESS: singfe 
( D ) TOPOLOGY: fine* 



( i i ) MOLECULE TYPE: DNA (geaccac) 
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f i i i ) HYPOTHETICAL: NO 
( j v ) ANTI-SENSE: NO 

(,i) SEQUENCE DESCRIPTION: SEQ ID NO-38: 
AOOCTTACTA OTACAATCCC TOOOCACAAT 



( 2 ) INFORMATION FOR SEQ ID N039: 

( ■ ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 32 base pain 
( B ) TYPE: ODclctc tad 
( C ) STRANDEDNESS: single 
( D ) TOPOLOGY: fixe* 

( j i ) MOLECULE TYPE: DNA (graoenic) 

( i i i ) HYPOTHETICAL: NO 

( i » ) ANTI-SENSE: NO 

( x i ) SEQUENCE DESCRIPTION : SEQ ID N05* 
CCAOTTCCOA OCTCOTTOTO ACTCAOGAAT CT 



( 2 ) INFORMATION FOR SEQ ID NO:60: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 32 tmat pain 
( 8 ) TYPE: aocloc wad 
( C ) STRANDEDNESS: tingle 
( D ) TOPOLOOY: nxcar 

( i i > MOLECULE TYPE: DNA <ga>«nic) 

(iii ) HYPOTHETICAL: NO 

( i ▼ ) ANTI-SENSE: NO 

( % i ) SEQUENCE DESCRIPTION: SEQ ID NO*0: 
CCAOTTCCOA OCTCOTOTTO ACOCAOCCOC CC 



< 2 ) INFORMATION FOR SEQ ID NOrfl: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 32 t»c jmrt 
{ B )TYPE: Docleac mad 
( C ) STRANDEDNESS: nagk 
( D ) TOPOLOOY: fine* 

( i i ) MOLECULE TYPE: DNA (genomic) 

(iii ) HYPOTHETICAL: NO 

( j » ) ANTI-SENSE: NO 

( x i ) SEQUENCE DESCRIPTION: SEQ ID N061: 
CCAOTTCCOA OCTCOTOCTC ACCCAOTCTC CA 



( 2 ) INFORMATION FOR SEQ ID NO:62: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 72 hmse jmn 
( B )TYFE: ooddc acid 
( C ) STRANDEDNESS: tingle 
( D ) TOPOLOGY: linear 

( i i ) MOLECULE TYPE: DNA (genomic) 

(li'l ) HYPOTHETICAL: NO 



(it) ANTI-SENSE: NO 



101 
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( % i > SEQUENCE DESCRIPTION: SBQ ID NOr63: 
CCAOTTCCOA OCTCCAOATO ACCCAOTCTC CA 



( 2 ) INFORMATION FOR SEQ ID NOrf3: 

< i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 32 base pairs 
( B ) TYPE: wdac arid 
( C ) STRANDEDNESS: ua$c 
( D ) TOPOLOGY: fioex 

( i i ) MOLECULE TYPE: DNA (genomic) 

(ili ) HYPOTHETICAL: SO 

( i t ) ANTt-SENSE: NO 

{ x i ) SEQUENCE DESCRIPTION: SEQ ID NOt63: 
CCAOATGTOA OCTCOTOATO ACCCAOACTC CA 

< 2 ) INFORMATION FOR SEQ ID NO:64: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 32 batx pnr» 
( D ) TYPE: nocl ri c «d 
( C ) STRANDEDNESS: si&gb 
( D ) TOFOLOOY: fine* 

( i i ) MOLECULE TYPE: DNA (genomic) 

< i i i ) HYPOTHETICAL: NO 



( i t ) ANTI-SENSE: NO 

( x i ) SEQUENCE DESCRIPTION: SEQ 05 NCh64: 
CCAOATGTOA OCTCOTCATO ACCCAOTCTC CA 



( 2 ) INFORMATION FOR SEQ ID NCh65: 

( i ) SEQUENCE CHARACTERISTICS: 
( A > LENGTH: 32 base pain 

< B ) TYPE: rockac acid 

< C ) STRANDEDNESS: nnric 
( D )TOPOLOOY:lia«r 

( i i ) MOLECULE TYPE: DNA (genomic) 

( i i i ) HYPOTHETICAL: NO 

(it) ANTI-SENSE: NO 

( i i ) SEQUENCE DESCRIPTION: SEQ ID NCn65: 
CCAOATGTOA OCTCTTOATO ACCCAAACTC AA 32 



( 2 ) INFORMATION FOR SEQ ID NCH56: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 32 base pan 
( B ) TYPE: oneiric add 
( C ) STRANDEDNESS: 
( D ) TOPOLOGY: finwr 

( i i ) MOLECULE TYPE: DNA (geaonac) 

(iit) HYPOTHETICAL: NO 

( i ▼ ) ANTI-SENSE: NO 

( i i ) SEQUENCE DESCRIPTION: SBQ ID NO£6: 
CCAOATGTOA OCTCOTOATA ACCCAOOATO AA 
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( 2 ) INFORMATION FOR SBQ ID N067: 

( j ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 31 hoc pair* 
< B ) TYPE: sockac acid 
( C ) STRANDEDNESS: tmgfe 
( D ) TOPOLOGY: Hoe* 

( i i ) MOLECULE TYPE: DNA (Brnomic) 

( i i i > HYPOTHETICAL: NO 

( i t ) ANTI-SENSE: NO 

SEQUENCE DESCRIPTION: SEQ ID NO$7: 

GCAOCATTCT AOAOTTTCAO CTCCAOCTTO CC 



( 2 ) INPORMAnON FOR SEQ ID NO*8: 

( i ) SEQUENCE CHARACTERISTICS: ' 
( A ) LENGTH: 33 hoe jmn 
{ B )TYPB: nackic add 
( C ) STRANDEDNESS: «*gle 
( D )TOPOLOOYi Sm 

( i i ) MOLECULE TYPE: DNA (groan*) 

( i i i ) HYPOTHETICAL: NO 

< i t ) ANTI-SENSE: NO 

( x i ) SEQUENCE DESCRIPTION: SBQ ID NO*S: 
CCGCCOTCTA OAACACTCAT TCCTOTTOAA OCT 



( 2 ) INFORMATION POR SBQ ID NO** 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 33 base pain 
( B ) TYPE: ncddc *bd 
( C ) STRANDEDNESS: natfe 
( 0 ) TOPOLOGY: linear 

< i » > MOLECULE TYPE: DNA (gnomic) 

( i t i > HYPOTHETICAL: NO 

( i * ) ANTJ-SENSE: NO 

( x i ) SEQUENCE DESCRIPTION: SEQ ID NO** 
CCOCCOTCTA OA AC AT TCTO CAOOAOACAO ACT 



( 2 ) INFORMATION POR, SBQ ID NOrTO: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 32 hw pm 
( B ) TYPE: auckie add 
( c ) STRANDEDNESS: on&o 
( D ) TOPOLOGY: fcne*r 

( » i ) MOLECULE TYPE: DNA (gczmac) 

( i i i ) HYPOTHETICAL: NO 

( i » ) ANTI-SENSE: NO 

( i i ) SEQUENCE DESCRIPTION: SEQ ID NO:** 
CCAOTTCCOA OCTCOTOATO ACACAOTCTC CA 



( 2 )INFC51MATIONPORSEQIDNO:71: 

( i ) SEQUENCE CHARACTERISTICS: 
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( A ) LENGTH: 34 btw pain 
( B > TYPE: aockxc acid 
( C ) STRANDEDKESS: single 
( D ) TOPOLOGY: linear 

( i i > MOLECULE TYPE: DNA (gewnit) 

( j i i ) HYPOTHETICAL: NO 

(it) ANTI-SENSE: NO 

( x t ) SEQUENCE DeSCRIPTION: SBQ ID NOtTl: 
OCOCCOTCTA OAATTAACAC TCATTCCTOT TOAA 



( 2 ) INFORMATION FOR SEQ ID NO:72: 

( i ) SEQUENCE CHARACTERISTICS: 
{ A ) LENGTH: 38 bate pain 
( B ) TYPE: oneiric acid 
( C ) STRANDEDNESSi single 
( D ) TOPOLOGY: Enear 

( i i )MOLEO^ TYPE: DNA (gtowine) 

(lit ) HYPOTHETICAL: NO 

( i t ) ANTI-SENSE: NO 

( i i ) SEQUENCE DESCRIPTION: SBQ ID NOY72: 
CTATTAACTA OTAACOOTAA CAOTOOTOCC TTOCCCCA 



( 2 ) INFORMATION FOR SBQ ID NO:73: 

( i ) SEQUENCE CHARACTERISTICS: 
{ A ) LENGTH: 30 base pairs 
( B ) TYPE: suddc arid 
( C ) STRANDEDNE5S: sagk 
( D ) TOPOLOGY: finear 

( i ■ ) MOLECULE TYPE: DNA (genomic) 

( j i ■ ) HYPOTHETICAL: NO 

( i t ) ANTUSENSE: NO 

( x i ) SEQUENCE DESCRIPTION: SEQ ID NOt73 : . 
AOOCTTACTA OTACAATCCC TOOOCACAAT 



( 2 ) INFORMATION FOR SBQ ID NO:74: 

( i ) SEQUENCE CHARACTERISTICS: 
( A } LENGTH: 29 base pain 
( B > TYPE: oneiric acid 
( C ) STRANDEDNESS: sbgfe 
i D )TOP09UOOY: linear 

( i i ) MOLECULE TYPE: DNA (geoccac) 

{ t i i ) HYPOTHETICAL: NO 

( i ▼ > ANTI-SENSE: NO 

< x i ) SEQUENCE DESCRIPTION: SEQ ID NCn74: 
OCCOCTCTAO AACACTCATT CCTOTTOAA 



( 2 ) INFORMATION FOR SEQ ID NOfl3: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 22 base pain 
( B ) TYPE: axJeic arid 
( C ) STRANDEDNESS: sm«k> 
( D ) TOPOLOGY: Enear 
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( i i ) MOLECULE TYPE; DNA (geaonnc) 
(iti ) HYPOTHETICAL: NO 
( i ¥ ) ANTI-SENSE: NO 

( x i ) SEQUENCE DESCRIPTION: SEQ ID NOi75: 
AOOTNNANCT NCTCGAOTCT OC 



( 2 ) INFORMATION FOR SEQ ID NO:76: 

< i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 22 base pain 
( B ) TYPE: nxibc add 
< C ) STRANDEDNESS: uagk 
( D ) TOPOLOGY: line* 

( i i ) MOLECULE TYPE: DNA (genomic) 

( i i i > HYPOTHETICAL: NO 

( i » ) ANTI-SENSE: NO 

( x i ) SEQUENCE DESCRIPTION: SEQ ID NO:76: 
AOOTNNANCT NCTCOAOTCA OC 



( 2 ) INFORMATION FOR SBQ ID NO:77: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 35 b«se pan 
( B ) TYPE: axiac acid 
( C ) STRANDEDNESS: imgfe 
( D ) TOPOLOGY: Enear 

< i i ) MOLECULE TYPE: DNA (gnomic) 
( i i i ) HYPOTHETICAL: NO 

( i y ) ANTS-SENSE: NO 

< x i ) SEQUENCE DESCRIPTION: SEQ ID NO:77: 
OTOCCAOATO TOAOCTCOTO ATOACCCAOT CTCCA 



( 1 ) INFORMATION FOR SEQ ID NO:71: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 34 bra jmn 
< B ) TYPE: mkkac acid 
( C ) STRANDEDNESS: tagfe 
{ D) TOPOLOGY: fiaev 

( i i ) MOLECULE TYPE: DNA (genomic) 

(iii ) HYPOTHETICAL: NO 

( i » ) ANTI-SENSE: NO 

( x i ) SEQUENCE DESCRIPTION: SEQ ID NO-.7*; 
TCCTTCTAOA TTACTAACAC TCTCCCCTOT TOAA 



( 2 ) INFORMATION FOR SBQ ID N079: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 34 tatM jmn 
( B ) TYPE: nockac acid 
( C ) STRANDEDNESS: single 
( D ) TOPOLOGY: Enor 

( i i ) MOLECULE TYPE: DNA (geocenic) 



(iii ) HYPOTHETICAL: NO 
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( i » ) ANTI-SENSE: NO 

( x i ) SEQUENCE DESCRIPTION: SEQ ID N079: 

OCATTCTAOA ctattatoaa cattctotao oooc 



( 2 > INFORMATION FOR SEQ IX) NO:80i 

( i ) SEQUENCE CHARACTERISTICS: 
< A ) LENGTH: 37 base pen? 
( B ) TYPE: sdcIoc acid 
( C ) STRANDEDNESS: single 
( D ) TOPOLOGY: fine* 

( i i ) MOLECULE TYPE: DNA {gevaric) 

{ i i i ) HYPOTHETICAL: NO 

( i * ) ANTI-SENSE: NO 

( x i ) SEQUENCE DESCRIPTION: SEQ ID NO: 80: 
CTOCACAOOO TCCTOGGCCO AOCTCOTOOT GACTCAO 

( 2 ) INFORMATION FOR SEQ ID NO£l: 

< i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 22 \mc paxx» 
( B ) TYPE: oDclbc acid 
( C ) 5TRANDEDNESS: single 
( D )TOPOLOOY: linear 

( i i ) MOLECULE TYPE: DNA (genomic) 

( i i i ) HYPOTHETICAL: NO 



(it ) ANTI-SENSE: NO 

( * i ) SEQUENCE DESCRIPTION: SEQ ID NO*!: 
AONTOCANNT OCTCOAOTCT OG 



( 2 ) INFORMATION FOR SEQ ID NO-.82: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 43 b*»e pain 
( B )TYPE: oockx acid 
( C ) STRANDEDNESS: tingle 
(D)TGPOLOOY:Kne« 

( i i ) MOLECULE TYPE: DNA (gownc) 

( i i i ) HYPOTHETICAL: NO 

{ a t ) ANTI-SENSE: NO 

(i i) SEQUENCE DESCRIPTION: SEQ ID NOiO: 
OTOOOCAIOT OTOAOTTOTO TCACT AOTTO OOGTTTTOAO CTC 



( 2 ) INFORMATION FOR SEQ CD N033: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 27 toe pan 
( B ) TYPE: nucleic add 
( C ) STRANDEDNESS: single 
( D ) TOPOLOGY: finear 

( i i ) MOLECULE TYPE: DNA (gcoonk) 

< i i i ) HYPOTHETICAL: NO 

(It) ANTI-SENSE: NO 

( x i ) SEQUENCE DESCRIPTION: SEQ ID NOJ3: 
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AOCATCACTA GTACAAOATT TOOOCTC 

( 2 ) INFORMATION FOR SEQ ID NO:S4: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 22 ba»e p*xr> 
( B ) TYPE: nucleic acid 
( C ) STRANDEDNESS; wnrfe 
( D ) TOPOLOGY: finear 

• ( i i ) MOLECULE TYPE: DNA (goodie) 

( j i i ) HYPOTHETICAL; NO 

( i w ) ANTI-SENSE: NO 

| 2 i ) SEQUENCE DESCRIPTION: SEQ ED NOS*: 
AOOTOCAGCT OCTCOAOTCT OO 



( 2 ) INFORMATION FOR SEQ ID NO--85: 

( i ) SEQUENCE CHARACTERISTICS; 

( A ) LENGTH: 22 base pan 
( B ) TYPE: nucleic mad 

< C ) STRANDEDNESS: smgte 

< D ) TOPOLOGY: fine* 

( i i ) MOLECULE TYPE: DNA (genomic) 
( i i i ) HYPOTHETICAL: NO 



( i » ) ANTI-SENSE: NO 

( x i > SEQUENCE DESCRIPTION. SEQ ID NO-.85: 
AOOTOCAGCT OCTCOAOTCG OO 



( 1 ) INFORMATION FOR SEQ ID NO:86: 

( i ) SEQUENCE OIARACTERISTICS: 
( A ) LENGTH: 22 base pas 
( B ) TYPE; nockac acid 
( C ) STRANDEDNESS: lan&t 
( D ) TOPOLOGY: linear 

( i i > MOLECULE TYPE: DNA (gcaonne) 

(t'ti ) HYPOTHETICAL: NO 

{ t * ) ANTI-SENSE: NO 

( x i ) SEQUENCE DESCRIPTION: SEQ ID NO-.96: 



( 2 ) INFORMATION FOR SEQ ID NO: 87: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 22 base pain 
( B ) TYPE: onckic mid 
( C ) STRANDEDNESS: ngfc 
( D ) TOPOLOGY: finear 

( » i ) MOLECULE TYPE: DNA (genome) 

( i j i ) HYPOTHETICAL: NO 

( i t ) ANTI-SENSE: NO 

( x i ) SEQUENCE DESCRIPTION: SEQ ID NO-.S7: 



AOOTOCAACT OCTCOAOTCG OO 
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( 2 ) INFORMATION FOR SEQ ID NO: 88: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 3* base paan 
f B > TYPE: nucjoc acid 
( C ) STRANDEDNESS: imgte 
( D ) TOPOLOGY: linear 

( i i ) MOLECULE TYPE: DNA (goKxnic) 

(iit ) HYPOTHETICAL: NO 

(it.) ANTI-SENSE: NO 

(it ) SEQUENCE DESCRIPTION: SEQ E> NC*8J: 
TCCTTCTAOA TTACTAACAC TCTCCCCTCT TOAA 

( 2 ) INFORMATION FOR SEQ ID NO:»: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH; 37 base prin 
( B ) TYPE: nucleic acid 
( C ) STRANDEDNESS: single 
( D ) TOPOLOGY: fine* 

( i i ) MOLECULE TYPE: DNA (gcaocmc) 

(iii ) HYPOTHETICAL: NO 

(it) ANTI-SENSE: NO 

( % i ) SEQUENCE DESCRIPTION: SEQ ID NO--S9: 
CTOCACAOOO TCCTOOOCCG AOCTCOTGOT GACTCAG 

( 2 ) INFORMATION FOR SBQ ID NCh90: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 31 base pain 
( B ) TYPE: nucleic acid 
( C ) STRANDEDNESS: nngk 
( D )TOPOLOOY: Knew 

( i i ) MOLECULE TYPE: DNA (geoccaac) 

(iii ) HYPOTHETICAL: NO 

( i y ) ANTI-SENSE: NO 

( t i ) SEQUENCE DESCRIPTION: SEQ ID NOSOr 
GCATTCTAOA CTATTAACAT TCTOTAOOOO C 

( 2 ) INFORMATION FOR SEQ ID N031 : 

( i ) SEQUENCE CHARACTERISTICS: 

< A ) LENGTH: 19 haw pain 

< B ) TYPE: nockac acid 

( C ) STRANDEDNESS: ungto 
( D ) TOPOLOGY: fine* 

( i i ) MOLECULE TYPE: DNA (genomic) 

(iii) HYPOTHETICAL: NO 

( i t ) ANTI-SENSE: NO 

( * i ) SEQUENCE DESCRIPTION: SEQ ID NQ£J: 
ACCCAAGOAC ACCCTCATC 

( 2 ) INFORMATION FOR SEQ ID NOS2: 



( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 19 ba» pw» 
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( B ) TYPE: nucleic jod 

( C ) STRANDEDNESS: imglc 

( D ) TOPOLOGY: hue* 

( i i ) MOLECULE TYPE: DNA (genomic) 

(lii > HYPOTHETICAL: NO 

(i't) ANTI-SENSE: NO 

( x t ) SEQUENCE DESCRIPTION: SEQ CD NC*92: 
CTCAOTATOO TOOTTOTOC 



( 2 ) INFORMATION FOR SEQ ID NOS3: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 33 \mao fmn 
( B ) TYPE: nucleic acid 
( C ) STRANDEDNESS: ragk 
( D )TOPOLOOY:fine« 

{ i x ) MOLECULE TYPE: DNA (gcamoc) 

(tat ) HYPOTHETICAL: NO 

( j t ) ANTI-SENSE: NO 

( x i ) SEQUENCE DESCRIPTION: SEQ DO N053: 
OTCTCACTAO TCTCCACCAA OOOCCCATCO OTC 



( 2 ) DEFORMATION FOR SEQ ID NOS* 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 39 bwe pairs 
< B )TYPE: nddc tad 
( C ) STRANDEDNESS: utflk 
{ D >TOPOLOOY:fiawr 

( i i ) MOLECULE TYPE: DNA (gcaooac) 

(Mi ) HYPOTHETICAL: NO 

( i v ) ANTI-SENSE: NO 

( x i ) SEQUENCE DESCRIPTION: SEQ ID NO**: 
ATATACTAOT OAOACAOTOA CCAOGOTTCC TTQOCCCC 



( 2 ) INFORMATION FOR SBQ ID NOS5: 

(. i ) SEQUENCE CHARACTERISTICS: 
< A ) LENGTH: J* baaepm 
( B ) TYPE: nockic acid 
( C ) STRANDEDNESS: single 
(-D ) TOPOLOGY: fiaew 

| i i ) MOLECULE TYPE: DNA (geaocac) 

(ill ) HYPOTHETICAL: NO 

( 1 ▼ ) ANTI-SENSE: NO 

( x i ) SEQUENCE DESCRIPTION: SBQ ID N095: 
ACOTCTAOAT TCCACCTTOO TCCC 



( 2 ) INFORMATION FOR SBQ ID NOS6: 

< i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 31 b«e p-» 
( B ) TYPE: cmxIoc wad 
( C ) STRANDEDNESS: sngto 
( D ) TC^OLOOY: Sac* 
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( i J > MOLECULE TYPE: DNA (gctwmc) 
( i i i ) HYPOTHETICAL: NO 
( i * > ANTI-SENSE: NO 

(xi ) SEQUENCE DESCRIPTION: SEQ ID NOS6: 
OCATACTAOT CTATTAACAT TCTOTAOOOO C 

( 2 ) INFORMATION FOR SEQ ID N037: 

( i ) SEQUENCE OIARACTERJSTICS: 
( A ) LENGTH: Whose jean 
( B ) TYPE: sockic acid 
{ C ) STRANDEDKESS: single 
(D)TOPOLOOY:fii>e» 

( i i ) MOLECULE TYPE: DNA (genomic) 

(lis ) HYPOTHETICAL; NO 

( i * ) ANTI-SENSE: NO 

( i j ) SEQUENCE DESCRIPTION: SEQ ED ND57: 
CCOOAATTCT TATCATTTAC CCOOAOA 

( 2 ) INFORMATION FOR SEQ ID N03S: 

< i ) SEQUENCE CHARACTERISTICS: 
. ( A ) LENGTH: 29 base pan* 
( B )TYPE: oodcte add 
( C ) STRANDEDNESS: stagfe 
( D ) TOPOLOO Y: Ibex 

( i i ) MOLECULE TYPE: DNA (genomic) 

( i i i ) HYPOTHETICAL: NO 

( j » ) ANTI-SENSE: NO 

( x i ) SEQUENCE DESCRIPTION: SEQ ID NOSfc 
TCTOCACTAO TTOOAATOOO CACATOCAO 

( 2 ) INFORMATION FOR SBQ ID N039: 

( 1 ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 79* fmks 
( B ) TYPE: anekie add . 
( C ) STRANDEDNESS; doohk 
( D ) TOPOtOOY: fincar 

( i l ) MOLECULE TYPE: DNA (go«xnc) 

( i i i ) HYPOTHETICAL: NO 

( i y ) ANTI-SENSE: NO 

< x i ) SEQUENCE DESCRIPTION: SEQ ID N059: 



G 0 C COCA A AT 


TCTATTTCAA 


CO AGAC AOTC 


AT A AT OAAAT 


ACCTATTOCC 


TACOOC AOCC 


6 0 


OCTOOATTOT 


T ATTACTCOC 


TGCCCA ACCA 


OCCATOOCCC 


AOOTGAA ACT 


OCTCOAOTCA 


1 2 0 


OOACCTOOCC 


TCOTOAAACC 


TTCTCAOTCT 


CTOTCTCTCA 


CCTOCTCTOT 


CACTOACT AC 


1 to 


TCCATCACCA 


OTOCTTATTA 


CTOOAACTOO 


ATCCOOCAOT 


TTCCAOOAAA 


CAAACTOOAA 


2 40 


TOOATO00CT 


ACAT AAOCT A 


CGACGOTOTC 


AAT AAOTATO 


ATCCATCTCT 


CAAOAATCOA 


3 00 


ATCTCCATCA 


CTCOTGACAC 


ATCTAACAAT 


CAOTTTTTCC 


AOAAOTTOAT 


TT CTOTOACT 


3 6 0 


TCTOAOOACA 


CAOOAACATA 


TOACTOTTCA 


AOAOOOACTA 


OOOCCTCTOC 


TATOOACTAC 


4 3 0 


TOOOOT CAAO 


OAATTTCAOT 


CACCOTCTCC 


T CAOCC AAA A 


COACACCCCC 


ATCTOTCTAT 


4 S 0 
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CCACTOOCCC CTOOATCTOC TOCCCAAACT AACTCCATOO TGACCCTOOG ATCCCTOOTC 

AAOOOCTATT TCCCTCAGCC AOTGACAGTO ACCTOOAACT CTGOATCCCT OTCCAOCOOT 

OTOCACACCT TCCCAGCTOT CCTOCAOTCT OACCTCTACA CTCTOAOCAG CTCAGTOACT 

OTCCCCTCCA OCCCTCGOCC CAOCOAOACC GTCACCTOCA ACGTTOCCCA CCCOOCCAOC 

AOCACCAAGO TOOACAAGAA AATTOTOCCC ' AOGGATTQTA CTAOTTACCC GTACGACOTT 

CCOOACTACO GTTCTTAA 

( 2 ) INFORMATION FOR SEQH> NCnXOO: 

( j ) SEQUENCE CHARACTERISTICS: 
{ A ) LENGTH: 194 base pun 
( B ) TYPE: ruckic tad 
[ C ) STRANDEDNESS: docbk 
( D ) TOPOLOGY: fine* 

( j i ) MOLECULE TYPE: DNA igctxaac) 

(itt ) HYPOTHETICAL: NO 

( t ▼ ) ANTI-SENSE: NO 

( s i > SEQUENCE DESCRIPTION: SEQ ID NO: 100: 
TGAATTCTAA ACTAOTCOCC AAOOAOACAO TCATAATGAA ATACCTATTG CCTACOOCAO 
CCOCTGOATT OTTACTCOCT OCCCAACCAO CCATOGCCOA OCTCCAOATO ACCCAGTCTC 

CAOCCTCCCT ATCTOCATCT otoooaoaaa ctotcaccat cacatotcoa tcaaotoaoa 
ATATTACAAT TACT 

( 2 ) INFORMATION FOR SEQ ID NO: 101: 

( i ) SEQUENCE CHARACTERISTICS: 
< A ) LENGTH: 333 btae par* 
( B ) TYPE: nuckic acid 
( C ) STRANDEDNESS: <touhk 
( D ) TOPOLOGY: Escar 

{ i i ) MOLECULE TYPE: DNA (pcmxnic) 

( i » i ) HYPOTHETICAL: NO 

(it) ANTI-SENSE: NO 

< i i ) SEQUENCE DESCRIPTION: SEQ ID NOtlOl: 
CTOATOCTQC ACCAACTOTA TCCATCTTCC CACCATCCAO TOAOCAOTTA ACATCTOOAO 
OT OCCTCAGT CGTOTOCTTC TTGAACAACT TCTACCCCAA AOACTACAAT OTCAAOGGGA 
AGATTOATOO CAGTGAACOA CAAAAIOOCO TCCTOAACAG TTOGACTOAT CAOOACAOCA 
AAOACAOCAC CTACAOCATG AOCAOCACCC TCACGTTOAC CAAGGACOAO TATGAACGAC 
ATAACAOCTA TACCTOTOAT GCCACTCACA AOACATCAAC TTCACCCATT OTCAAOAGCT 
T C A A CAOOAA TOAOTOTTAA TTCTAOACOO CGC 

( 2 ) INFORMATION FOR SEQ ID NOtUtt 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 150 bm put* 
( B )TYPE: cnckic tad 
( C ) STRANDEDNESS: doable 
( D )TOPOLOO* 

( i i ) MOLECULE TYPE: DNA (genomic) 

( i i i ) HYPOTHETICAL: NO 



5 4 0 

6 0 0 

6 6 0 

7 2 0 
7 8 0 
7 9 8 



6 0 
1 2 0 
1 8 0 
1 9 4 



6 0 
] 2 0 

1 80 

2 4 0 

3 0 0 
3 3 3 
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(it) ANTI-SENSE: NO 

( x i ) SEQUENCE DESCRIPTION: SEQ ID NCclCtt: 
OCTOAOOCTO ACOATCCCGC AAAACCOGCC T TT AACTCCC TOCAAOCCTC 
TATATCOOTT ATCCOTOOOC OATCOTTGTT OTCATTOTCO GCOC AACTAT 
CTOTTTAAGA AATTCACCTC OAAAOCAAOC 

( 7 ) INFORMATION FOR SEQ ID NO:KM: 

< i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 36 base pairs 

< B ) TYPE: nucleic acid 

< C ) STRANDEDNESS: »bvg)c 
( D ) TOPOLOGY: Bnwr 

( i i ) MOLECULE TYPE: DNA (gramme) 

( i i i ) HYPOTHETICAL: NO 

( i y ) ANTI-SENSE: NO 

( * i ) SEQUENCE DESCRIPTION: SEQ ID NO-.103: 
OTOCCCAOOO ATTOTACTAO TOCTOAOOOT GACOAT 



( 2 ) INFORMATION FOR SEQ ID NO: 104: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 33 base pan 
( B ) TYPE: nockac acid 
( C ) STRANDEDNESS: nngk 
( D ) TOPOLOGY: fine* 

{ i i ) MOLECULE TYPE: DNA (genomic) 

(iii ) HYPOTHETICAL: NO 

(ir) ANTI-SENSE: NO 

( x i ) SEQUENCE DESCRIPTION: SEQ ID NO-JO* 
ACTCOAATTC TATCAOCTTG CTTTCOAOOT OAA 



( 2 ) INFORMATION FOR SEQ ID NO: 205: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 23 base pm 
( B ) TYPE: nockae acid 
( C ) STRANDEDNESS: eagle 
( D ) TOPOLOGY: fine* 

( i i ) MOLECULE TYPE; DNA (genomic) 

(iii ) HYPOTHETICAL: NO 

(it) ANTI-SENSE: NO 

( x i ) SEQUENCE DESCRIPTION: SEQ ID NO: 105: 
AOOTCCAGCT TCTCOAOTC T GO 



( 2 ) INFORMATION FOR SEQ ID NO:106: 

( i )SBQLTE^»CECIIARACTERlSnCS: 
( A ) LENGTH: 33 baec pare 
( B ) TYPE: oucJbc wdd 
( C ) STRANDEDNESS: tingle 
• ( D ) TOPOLOGY: fiacar 

( i i ) MOLECULE TYPE: DNA (genomic) 
( j i i ) HYPOTHETICAL: NO 



AOCOACCOAA 60 
COOTATCA AO I 2 0 

I 3 0 
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< i ▼ ) ANTI-SENSE: NO 

( x i ) SEQUENCE DESCRIPTION: SEQ ID NO: 106: 
OTCACCCTCA OCACTAOTAC AATCCCTOOO CAC 



( 2 > INFORMATION FOR SEQ ID NO: 107: 

( i j SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 48 base pan 
( B ) TYPE: nttckk jcid 
( C ) STRANDEDNESS: iinfde 
( D ) TOPOLOGY: finear 

( i i ) MOLECUUB TYPE: DNA tgawnic) 

(■it ) HYPOTHETICAL: NO 

< i t ) ANTI-SENSE: NO 

| I t ) SEQUENCE DESCRIPTION: SEQ ID NO: 107: 
OAOACOACTA OTOOTOOCOO TOOCTCTCCA T T COT T TOT O 



( 2 ) INFORMATION FOR SBQ ID NO: 108: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 40 base pan 
( B ) TYPE: nucleic wad 
( C ) STRANDEDNESS: nagfe 
( D ) TOPOLOGY: linear 

( i i ) MOLECULE TYPE: DNA [gaxxacy 

( i i i ) HYPOTHETICAL: NO 

( i v ) ANTI-SENSE: NO 

( x i ) SEQUENCE DESCRIPTION: SBQ ID NO: 108: 
TTACT AOCTA OCATAATAAC OGAATACCCA AAAGAACTGG 



( 2 ) INFORMATION FOR SBQ ID NO. 109: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 36 base pain 
C B ) TYPE: sockic acid 
( C ) STRANDEDNESS: nngk 
( D ) TOPOLOOY: fcacar 

{ i i ) MOLECUUB TYPE: DHA (getraac) 

(lis ) HYPOTHETICAL: NO 

( i y ) ANTI-SENSE: NO 

{ x i ) SEQUENCE DESCRIPTION: SEQ ID NO: 109: 
TATOCTAOCT AGTAACACOA CAGGTTTCCC OACTOO 



( 2 ) INFORMATION FOR SEQ ID NO.1 10: 

( j ) SEQUENCE CHARACTERISTICS: 
( a ) LENGTH: 27 bate jma 
( B )TYPE: aadac mad 
( C ) STRANDEDNESS: rinafe 
< D ) TOPOLOGY: fiaear 

( » i ) MOLECULE TYPE: DNA (gownac) 

( i i i ) HYPOTHETICAL: NO 

( i t ) ANTI-SENSE: NO 



( x i ) SEQUENCE DESCRIPTION: SEQ ID NOrtlO: 
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6 0 

1 2 O 

1 S 0 

t 8 6 



ACCOAGCTCO AATTCOTAAT CATGOTC 

( 2 ) INFORMATION FOR SEQ ID NO:!! 1: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 186 base pair* 
{ B )TYP6: luckiejod 
( C ) STRANDEDNESS: double 
( £> ) TOPOLOGY: tar 

( i i ) MOLECULE TYPE: DNA (genomic) 

(jit ) HYPOTHETICAL: NO 

( » » ) ANTI-SENSE: NO 

(* i ) SEQUENCE DESCRIPTION: SEQ ID NO: 111: 
GTOCCCAOOO ATTGTACTAO TOCTOAOOOT OACOATCCCO CAAAAGCOOC CTTTAACTCC 
CTGCAAGCCT CAOCOACCOA ATATATCOOT TATGCOTGOO CGATOOTTOT TGTCATTOTC 
GOCOCAACTA TCGOTATCAA OCTGTTT AAO AAATTCACCT CGAAAGCAAG CTGATAOAAT 
TCGAOT 

( 2 ) INFORMATION FOR SEQ ID NOtfK: 

{ i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 666 bwe pww 
( B ) TYPE: tockac wad 
( C ) STRANDEDNESS: docbte 
(D)TOPOLOOY:Uaejr 

( j i ) MOLECULE TYPE: DNA (genomic) 

( i i i ) HYPOTHETICAL: NO 

( i t ) ANTI-SENSE: NO 

( x i ) SEQUENCE DESCRIPTION: SEQ ID NO: 11 2: 

CCATTCOTTT OTOAATATCA AOOCCAAOOC CAATCOTCTO ACCTOCCTCA ACCTCCTOTC 

AATOCTOOCG OCOOCTCTOO TOOTOOTTCT OOTOGCOOCT CTOAOOOTOG TGOCTCTOAO 

OOTOOCOOTT CTOAOOOTOG COOCTCTOAO OGAOGCGOTT CCCOTOOTOO CTCTOGTTCC 

OGTOATTTTG ATTATOAAAA OATOOCAAAC OCTAATAAOO OOOCTATOAC COAAAATOCC 

OATOAAAACG COCTACAGTC TGACGCTAAA OOC A A ACT TO ATTCTGTCOC TACTGATTAC 

OOTGCTOCTA TCOATOOTT T CATTOOTOAC OTTTCCOOCC TTOCTAATGG TAATOOTOCT 

ACTOOTOATT TTGCTOOCTC TAATTCCCAA ATOGCTCAAG T C GO TG A COO TOATAATTCA 

CCTTTAATOA ATAATTTCCO TCAATATTTA CCTTCCCTCC CTCAATCOGT TOAATOTCOC 

CCTTTTOTCT TTAOCOCTOO TAAACCATAT OAATTTTCTA TTOATTOTOA CAAAATAAAC 

TTATTCOOTO TCTTTOCOTT TCTTTTATAT OTTOCCACCT T T ATGTATGT ATTTT CTACO 

TTTGCTAACA TACTOCGTAA T A AGO AG T CT TAATCATOCC AOTTCT TT TO OOTATTCCOT 
TATTAT 

< 2 ) INFORMATION FOR SEQ ID NO.113: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 708 base port 
( 3 ) TYPE: nuckic *ad 
( C ) STRANDEDNESS: double 
( D ) TOPOLOGY: face 

( i i ) MOLECULE TYPE: DNA (ga«mc) 
( i i i ) HYPOTHETICAL: NO 
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3 0 0 
3 6 0 



4 S 0 

5 4 0 

6 00 

6 60 

7 0 I 



( i v ) ANTI-SENSE: NO 

( x i ) SEQUENCE DESCRIPTION: SEQ ID NO-.113: 

CAGACOACTA GTGGTOOCOO TOGCTCTCCA TTCOTTTGTG AATATCAAOO CCAACOCCAA 60 

TCOTCTOACC TGCCTCAACC TCCTOTCA AT GCTGOCGGCO OCTCTOOTOO TOOTTCTOOT 120 

OGCOGCTCTO AGOG TOG TGO CTCTOAGOOT OOCGOTTCTG AOOGTOOCO0 CTCTOACOOA >»0 

GOCGOTTCCO OTOOTOOCTC TOOTTCCOOT GATTTTOATT ATOAAAAOAT OOCAAACOCT 240 

AATAAGOOOG CTATOACCOA AAATOCCOAT GAAAACOCOC TACACTCTOA COCTAAAOOC 

AAACTTOATT CTOTCOCTAC TGATTACGGT OCTGCTATCO ATOOTTTCAT TOGTGACGTT 

TCCGOCCTTO CTAATOOTAA TOOTOCTACT OOT0ATTTTO CTGGCTCTAA TTCCCAAATG 420 

OCTCAAOTCG GTG AC GOTO A T A ATTCACCT TTAATGAATA ATTTCCOT C A ATATTTACCT 

TCCCTCCCTC AATCGOTTOA ATOTCOCCCT T TTOTCTTTA OCOCTOOTAA ACCATATOAA 

TTTTCTATTO ATTOTGACAA AATAAACTTA TTCCGTOOTO TCTTTOCOTT TCTTTTATAT 

GTTOCCACCT TTATOTATOT A TTTTCTACO TTTGCTAACA TACTOCOTAA TAAOOAOTCT 

TAATCATOCC AOTTCTTTTO OOTATTCCOT TATTATOCTA OCTAOTAA 

( 2 INFORMATION FOR SBQ ID NO: 114: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 20! b«*e pwi 
< B ) TYPE: wckac jcad 
( C ) STRANDEDNESS: double 
( D ) TOPOLOGY: Kbcm 

< i i ) MOLBCULE TYPR DNA (gcoaaac) 

( i i i ) HYPOTHETICAL: NO 

( i r ) ANTVSENSE: NO 

( i i ) SEQUENCE DESCRIPTION: SBQ ID NO.U* 
TA.TOCTAOCT AOTAACACOA CAGGTTTCCC OACTOOAAAO COOOCAOTOA OCOCAACOCA 
ATTAATOTGA GTTAOCTCAC TCATTAOGCA CCCCAOOCTT TACACTTTAT OCTTCCOGCT 
COT AT OT TO T OTGOAATTOT OAOCOOATAA CAATTTCACA CAOGAAACAO CTATOACCAT 
OATTACOAAT TCOAOCTCOO T 

( 2 ) INFORMATION FOR SBQ ID NOtlI3: 

( i ) SE<JUENCE CHAJLACTER15TJCS: 
( A > LENGTH: 00 b^pui 
( B )TYPE: oockfc add 
( C ) STRANDEDNESS: doobk 
( D ) TOPOLOGY: S«e* 

( i i ) MOLBCULE TYPE: DNA (genomic) 

( i i i ) HYPOTHETICAL: NO 

{ i t ) ANTI-SENSE: NO 

{ x i ) SEQUENCE DESCRIPTION: SEQ ID NO: 115: 
AGOTCCAOCT TCTCOAOTCT OOACCTOOCC TCOTOAAACC TTCTC AOTCT CTOTCTCTCA 
CCTOCTCTOT CACTOACTAC TCCATCACCA OTOCTTATTA CTOOAACTOO ATCCOOCAOT 
TTCCAOOAAA CAAACTOOAA TOOATOOOCT ACATAAOCTA COACOOTOTC AATAAGTATO 
ATCCATCtCT CAAOAATCOA ATCTCCATCA CTCOTOACAC ATCTAACAAT CAOTTTTTCC 
AOAAOTTOAT TTCTOTOACT TCTOAOGACA CAOOAACATA TOACTOTTCA AOAOOOACTA 
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ooocctctgc tatooactac tooggtcaag gaatttcagt caccotctcc tcaoccaaaa 

COACACCCCC ATCTOTCTAT CCACTOOCCC CTOOATCTOC TOCCCAAACT AACTCCATGC 

TOACCCTGQO ATOCCTOOTC AAOOGCTATT TCCCTOAGCC AOTOACAOTO ACCTGGAACT 480 

CTOGATCCCT OTCCAOCOOT GTOCACACCT TCCCAOCTOT CCTOCAOTCT OACCTCTACA 540 

CTCTGAOCAO CTCAOTOACT OTCCCCTCCA GCCCTCOGCC CAGCOAOACC GTCACCTGCA 600 

ACOTTOCCCA CCCOOCCAOC AOCACCAAOO TOOACAAOAA AATTGIOCCC AOGOATTGT A 660 

CTAOTOCTOA GOOTOACOAT CCCOCAAAAO CGOCCTTTAA CTCCCTGCAA GCCTCAGCOA 720 

CCOAATATAT COOTTATOCO TOOOCOATOO TTGTTOTCAT TOTCOOCOCA ACTATCOOTA 780 

TCAAOCTOTT TAAOAAATTC ACCTCGAAAO CAAOCTGATA OAATTCOAOT 

f 2 ) INFORMATION FOR SBQ ID NO: J 16: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 260 base pair* 
( B ) TYPE: wckac aa& 
( C ) STRANDEDNESS: doifck 
( D )TOPOLOGY: fine* 

( i j ) MOLECULE TYPE: DNA (settimic) 
( i i i > HYPOTHETICAL: NO 
. (it ) ANTI-SENSE: NO 

< z i ) SEQUENCE DESCRIPTION: SEQ ID NOtllfc 
ATGAAATACC TATTOCCTAC OOCAOCCOCT GOATTOTTAT TACTCOCTOC CCAACCAOCC 
ATOOCCCAGO TOAAACTGCT COAGATTTCT AOACTAOTOC TOAOOOTOAC GATCCCOCAA 
AAOCOOCCTT TAACTCCCTO CAAGCCTCAO CQACCOAATA TATCOOTTAT GCOTOOOCOA 180 
TOOTTOTTOT CATTOTCOOC GCAACTATCO OTATCAAGCT OTTTAAGAAA TTCACCTCOA 
AAGCAAOCTO ATAGAATTCO 



6 0 
1 20 



24 0 

2 60 



( 2 ) INFORMATION FOR SBQ ID NO: 1 17: 

( i ) SEQUENCE CHARACTERISTICS: 

< A ) LENGTH: 461 to pain 
( B )TYPE: oxide add 

< C ) STRANDEDNESS: <fc»*»k 
( D ) TOPOLOGY: Bsev 

( i j ) MOLECULE TYPE: DNA (geaccac) 

(ill) HYPOTHETICAL: NO 

( i t ) ANTI-SENSE: NO 

( x i ) SEQUENCE DESCRIPTION: SEQ ID NO:l 17: 

GTACOCGCCC TGTAOCOOCG CATTAAflCOC OOCOOOTOTO OTOOTTACOC OCAOCOTGAC 60 

COCTACACTT GCCAGCGCCC TAOCOCCCOC TCCTTTTOCT TTCTTCCCTT CCTTTCTCOC 120 

CACOTTCGCC GOCTTTCCCC OTCAAOCTCT AAATCOOOOO CTCCCTTTAO OOTTCCOATT MO 

TAOTOCTTTA COOCACCTCO ACCCCAAAAA ACTTOATTAO OOTOATOOTT CACGTAOTOO 240 

OCCATCOCCC TOATAOACOO TTTTTCOCCC TTTOACOTTO OAOTCCACOT TCTTTAATAO 30O 

TOOACTCTTO TTCCAAACTG OAACAACACT CAACCCTATC TCOOTCTATT CTTTTOATTT 360 

ATAAOOGATT TTOCCOATTT COGCCTATTO OTTAAAAAAT OAOCTOATTT AACAAAAATT 420 

TAACGCOAAT TTTAACAAAA TATTAACOTT TACAATTTAA A 



4 6 1 
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{ 2 ) [NPORMXnON FOR SEQ ID NO: Hi: 

( i > SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 22 base poors 
( B ) TYPE: oodcic Jcid 
< C ) STRANDEDKESS: tts&e 
( D ) TOPOLOGY: linear 

( i i ) MOLECULE TYPE: DNA (genomic) 

< i i i ) HYPOTHETICAL: NO 

( i v ) ANTI-SENSE: NO 

SEQUENCE DESCRIPTION: SEQ ID NO-.11S: 

OCAAT AAACC ctcactaaao go 



( 2 ) INFORMATION FOR SEQ ID NO: 119: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 2) base pars 
( B ) TYPE: aocibc sad 
( C ) STRANDEDKESS: single 
( D ) TOPOLOGY: linear 

( i i ) MOLECULE TYPE: DMA (genomic > 

(iis) HYPOTHETICAL: NO 

<iv) ANTI-SENSE: NO 

( x i ) SEQUENCE DESCRIPTION: SBQ H> NChll* 
TCTCOCACAA TAATACACOO C 



( 2 ) INFORMATION FOR SBQ ID NO: 120: 

( i ) SEQUENCE CHARACTERISTICS: 
< A ) LENGTH: M base pears 
( B ) TYPE: oockk mad 
( C ) STRANDEDNESS: tingle 
( D ) TOPOLOGY: linear 

( i j ) MOLECULE TYPE: DNA (genomic) 

(Hi ) HYPOTHETICAL: NO 

( i » ) ANTI-SENSE: NO 

( x i ) SEQUENCE DESCRIPTION: SBQ ID NO: 12G: 
OTOTATTATT OTOCOAOASN SNNSNNSNNS NNSNNSNNSN NSNNSNNSNN SNNSNNSNNS 
NNSNNSTOOO OCCAAOOOAC CACO 



( 2 ) INFORMATION FOR SEQ ID NO. 12): 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 30 base pair* 
{ B ) TYPE: noetic acid 
{ C ) STRANDEDNESS: single 
( D ) TOPOLOOY: Sneer 

{ i i ) MOLECULE TYPE: DNA (genomic) 

(tit ) HYPOTHETICAL: NO 

( i y ) ANTI-SENSE: NO 

( x i ) SEQUENCE DESCRIPTION: SBQ ID NO: 121: 
OCATOTACTA OTTTTOTCAC AAOATTTOOO 



( 2 )INTORMATIONPORSBQlDNO:l22: 
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( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 1ft bmo pain 
( B ) TYPE: oocJoc add 
( C ) STRANDEDNESS: ringJc 
( D ) TOPOLOGY: Hour 

( i i ) MOLECULE TYPE: DNA (genomic) 
( i i i ) HYPOTHETICAL: NO 

( i f ) ANTJ-SENSE: NO 
' ( i i ) SEQUENCE DESCRIPTION: SEQ ID N0022: 
TOGGGCCAAG GOACCACO 



( 2 )1NFC«MAT10NF0RSEQIDN0:I23: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 18 baae pain 

< B > TYPE: ODcksc aad 

( C ) STRANDEDNESS: uagte 

< D ) TOPOLOGY: fi*ejr 

( i i ) MOLECULE TYPE: DNA (genomic) 
< i i i ) HYPOTHETICAL: NO 
(it) ANTI-SENSE: NO 

(I i ) SEQUENCE DESCRIPTION: SBQ ID NO: 123: 
OTOTATTATT OTOCOAOA 



( 2 ) INFORMATION FOR SEQ ID NO--124: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 39 las* fain 
( B ) TYPE: nockic tad 
{ C ) STRANDEDNESS: nngte 
< D )TOPOLOOY: Bo« 

( i i ) MOLECULE TYPE: DNA (genomic) 

(lit ) HYPOTHETICAL: NO 

( i t ) ANTI-SENSE: NO 

( i x ) FEATURE: 

( A ) NAME/KEY: r<pe*_xegk» 
( B ) LOCATION: 19_21 

( D ) OTHER INFORMATION: h^-rypc^txadear 

I k***"NNS caa he repeated 6on 3 to abcut 24 



( x i ) SEQUENCE DESCRIPTION; SEQ ID 10:124: 
OTOTATTATT OTOCOAOANN STOOGOCCAA OOGACCACO 



( 2 ) INFORMATION FOR SEQ ID NO: 125: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 29 hate ^mn 
( B )TYPE: mckic tad 
( C ) STRANDEDNESS: ungie 
( D ) TOPOLOGY: fine* 

( i i ) MOLECULE TYPE: DNA (gatxxac) 

( i i i ) HYPOTHETICAL: NO 

( i ▼ ) ANTI-SENSE: NO 

( i x ) FEATURE: 

( A ) NAME/KEY: r«pe*_reg)c«i 
( B ) LOCATION: 19U21 

( D ) OTHER INFORMATION: Apuype^tmfan" 
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/ aoce^NKK can be repeated from 3 to about 24 



(x\) sequence description: seq n> no; 125: 
ctctattatt otocoagann ktoggcccaa oooaccaco 



3 9 



What is claimed is: 

1. A method for producing a library of complementarity 
oetennining region (CDR>-mutagenized phage-displayed 
immunoglobulin heterodimers. the method comprising the 
steps of: 



10 2. The method of claim 1 wherein said 3* terminus has the 
nucleotide sequence 5-TGGGGCCAAGGGACCACG-3* 
(SEQ ID NO 122). or an oligonucleotide having a sequence 
complementary thereto. 

3. The method of claim 1 wherein said 5' terminus has the 



1) amplifying a CDR portion of a template immunoglo- u nucleotide sequence 5*-GTGTATTATTGTGCGAGA-3* 
» \7_ • ut~ ».tt» coUrtcrl frnm thr ormm /cert tfi Mfi f>i\ nr an nlionnnHftotide havinf? a seauence 



20 
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bulin variable domain gene selected from the group 
consisting of a template immunoglobulin heavy chain 
variable domain gene and a template immunoglobulin 
light chain variable domain gene, wherein said tem- 
plate immunoglobulin heavy and ligfrt chain genes 
have a framework region and said CDR portion and 
encode respective heavy and light chain variable 
domain polypeptides, and wherein said amplifying is 
by polymerase chain reaction (PGR) using a PCR 
primer oligonucleotide for mutagenizing a preselected 
nucleotide region in said CDR portion, thereby forming 
a library of amplified CDR-mutagenized immunoglo- 
bulin gene fragments, said PCR primer oligonucleotide 
having 3* and 5' termini and comprising: 

a) a nucleotide sequence at the 3* terminus capable of ^ 
hybridizing to a first framework region of said 
selected template immunoglobulin variable domain 
gene; 

b) a nucleotide sequence at the 5' terminus capable of (CD R>-routagenizea pnage- 
hybridizing to a second framework region of said 35 lobulin heterodimer with altered antigen 

selected template immunoglobulin variable domain -*>~a ^nridno tH* « 

gene; and 

c) a nucleotide sequence between the 3' and 5* termini 



according to the formula selected from the group 
consisting of: 



40 



[NNS^ and [NNKU 
wherein N is independently any nucleotide. S is G or C and 
K is G or T. and n is 3 to about 24. the 3* and S terminal 
nucleotide sequences having a length of about 6 to 50 45 
nucleotides, or an oligonucleotide having a sequence 
complementary thereto; 

2) inserting individual members of the library of amplified 
CDR-mutagenized immunoglobulin gene fragments 
formed in step (1) into a dicistronic phagemid expres- 50 
sion vector comprising immunoglobulin heavy and 
light chain variable domain genes that lack the immu- 
noglobulin gene portion corresponding to the fragment 
to be inserted, wherein upon insertion said vector is 
capable of expressing heavy and light chain variable 55 
domain polypeptides encoded by said vector, thereby 
forming a library of dicistronic expression vectors 
containing amplified CDR-mutagenized immunoglo- 
bulin gene fragments; and 

3) expressing said ininuinoglobulin heavy and light chain 60 
genes in the library of dicistronic expression vectors 
formed in step (2) whereby said encoded heavy and 
light chain variable domain polypeptides assemble on 
the surface of a phage to form a phage-displayed 
immunoglobulin heterodimer. thereby producing a 65 
library of CDR-mutagenized phage-displayed immu- 
noglobulin heterodimers. 



(SEQ ID NO 123) or an oligonucleotide having a sequence 
complementary thereto. 

4. The method of claim 1 wherein said template immu- 
noglobulin heavy and light chain genes are obtained from a 
human. 

5. The method of claim 1 wherein said CDR portion is 
CDR3. 

6. The method of claim 1 wherein said formula is: 

y-GTCTATTAXTQTGCGAGA|NNS]„T - 
CACG-3* (SEQ ID NO 124> 

7. The method of claim 1 wherein n is 16 in the formula 
INNS)* (SEQ ID NO 120). 

8. The method of claim 1 wherein said formula is: 

3*-^TCTAITArit7KXX5AGAfNNK 
CACG-3' (SEQ ID NO 125> 

9. A method for producing a complementarity determin- 
ing region (CDR-mutagenized phage-displayed immuno- 
globulin heterodimer with altered antigen binding 
specificity, the method cornprising the steps of: 

1) amplifying a CDR portion of a template immunoglo- 
bulin variable domain gene selected from the group 
consisting of a template iinmunoglobulin heavy chain 
variable domain gene and a template immunoglobulin 
light chain variable domain gene, wherein said tem- 
plate immunoglobulin heavy and light chain genes 
have a framework region and said CDR portion and 
encode respective heavy and light chain variable 
domain polypeptides having a preselected antigen 
binding specificity to a first antigen, and wherein said 
amplifying is by polymerase chain reaction (PCR) 
using a PCR primer oligonucleotide for mutagenizing a 
preselected nucleotide region in said CDR portion to 
alter said preselected antigen binding specificity, 
thereby forming a library of amplified CDR- 
mutagenized immunoglobulin gene fragments, said 
PCR primer oligonucleotide having 3' and 5' termini 
and comprising: 

a) a nucleotide sequence at the 3' terminus capable of 
hybridizing to a first framework region of said 
selected template immunoglobulin variable domain 
gene; 

b) a nucleotide sequence at the 5 tenninus capable of 
hybridizing to a second firamework region of said 
selected template immunoglobulin variable domain 
gene; and 

c) a nucleotide sequence between the 3* and 5 termini 
according to the formula selected from the group 
consisting of: 

[NNSL and [WKj, 
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wherein N is independently any nucleotide. S is G or C and 
K is G or T. and n is 3 to about 24. the 3' and 5* terminal 
nucleotide sequences having a length of about 6 to 50 
nucleotides, or an oligonucleotide having a sequence 
complementary thereto; 5 

2) inserting individual members of the library of amplified 
CDR-mutagenized immunoglobulin gene fragments 
formed in step (1) into a dicistronic phagemid expres- 
sion vector comprising immunoglobulin heavy and 
light chain variable domain genes that lack the immu- i° 
noglobulin gene portion corresponding to the fragment 

to be inserted, wherein upon insertion said vector is 
capable of expressing heavy and light chain variable 
domain polypeptides encoded by said vector, thereby 
forming a library of dicistronic expression vectors 13 
containing amplified CDR-mutagenized immunoglo- 
bulin gene fragments; 

3) expressing said immunoglobulin heavy and light chain 
genes in the library of dicistronic expression vectors 
formed in step (2) whereby said encoded heavy and 
light chain variable domain polypeptides assemble on 
the surface of a phage to form a phage-displayed 
immunoglobulin heterodimer, thereby producing a 
library of CDR-mutagenized phage-displayed immu- ^ 
noglobulin heterodimers; and 

4) immu nor cacting members of the library of CDR- 
mutagenized phage-displayed immunoglobulin het- 
erodimers formed in step (3) on a preselected second 
antigen, said second antigen being different than said ^ 
first antigen to allow for selection of a CDR- 
mutagenized phage-displayed immunoglobulin bet- 
erodimer with altered antigen binding specificity. 

ID. The method of claim 9 wherein said J terminus has 
the nucleotide sequence 5*-TGGGGCCAAGGGACCACG- 35 
y (SEQ ID NO 122). or an oligonucleotide having a 
sequence complementary thereto. 

11 The method of claim 9 wherein said 5* terminus has 
the nucleotide sequence S'-CTCTATTATTGTGCGAGA^* 
(SEQ ID NO 123) or an oligonucleotide having a sequence ^ 
complementary thereto. 

12. The method of claim 9 wherein said template immu- 
noglobulin heavy and light chain genes arc obtained from a 
human. 

13. The method of claim 9 wherein said CDR portion is 4J 
CDR3. 

14. The method of claim 9 wherein said formula is 
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y -CnOTXnATirjrcCGAGAfNNS kTOGGGCCAAGGGAC- 
CACG-J (SEQ ID NO 124). 

15. The method of claim 9 wherein n is 16in the formula 
[NNSL (SEQ ID NO 120). 

16. The method of claim 9 wherein said formula is: 

5 , -GTTnATTKnTjrcCGAGA(NNX 
CACG-y (SEQ ID NO 125). 

17. A method for producing a soluble complementarity 
determining region (CDR>mutagenized immunoglobulin 
heterodimer with altered immunoreacUvity to a preselected 
antigen, the method comprising the steps of: 60 

1) amplifying a CDR portion of a template immunoglo- 
bulin variable domain gene selected from the group 
consisting of a template immunoglobulin heavy chain 
variable domain gene and a template immu noglobulin 
light chain variable domain gene, wherein said tern- 65 
plate immunoglobulin heavy and light chain genes 
have a framework region and said CDR portion and 
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encode respective heavy and light chain variable 
domain polypeptides immunoreactive with a prese- 
lected antigen, and wherein said amplifying is by 
polymerase chain reaction (PCR) using a PCR primer 
oligonucleotide for mutagenizing a preselected nucle- 
otide region in said CDR portion to alter said immu- 
noreactivity of said immunoglobulin heterodimer to the 
preselected antigen, thereby forming a library of ampli- 
fied CDR-mutagenized immunoglobulin gene 
fragments, said PCR primer oligonucleotide having 3' 
and 5' termini and comprising: 

a) a nucleotide sequence at the 3* terminus capable of 
hybridizing to a first framework region of said 
selected template immunoglobulin variable domain 
gene; 

b) a nucleotide sequence at the 5' terminus capable of 
hybridizing to a second framework region of said 
selected template immunoglobulin variable domain 
gene; and 

c) a nucleotide sequence between the 3* and 5* termini 
according to the formula selected from the group 
consisting of; 

[NNSU and (NNK^ 

wherein N is independently any nucleotide, S is G or t and 
K is G or T. and n is 3 to about 24. the 3' and 5' terminal 
nucleotide sequences having a length of about 6 to 50 
nucleotides, or an oligonucleotide having a sequence 
complementary thereto; 

2) inserting individual members of the library of amplified 
CDR-mutagenized immunoglobulin gene fragments 
formed in step (1) into a dicistronic phagemid expres- 
sion vector comprising immunoglobulin heavy and 
light chain variable domain genes that lack the immu- 
noglobulin gene portion corresponding to the fragment 
to be inserted, wherein upon insertion said vector is 
capable of expressing heavy and light chain variable 
domain polypeptides encoded by said vector, thereby 
forming a Horary of dicistronic expression vectors 
containing amplified CDR-mutagenized immunoglo- 
bulin gene fragments; 

3) expressing said immunoglobulin heavy and light chain 
genes in the library of dicistronic expression vectors 
formed in step (2) whereby said encoded heavy and 
light chain variable domain polypeptides assemble on 
the surface of a phage to form a phage-displayed 
immunoglobulin heterodimer. thereby producing a 
library of CDR-mutagenized phage-displayed immu- 
noglobulin heterodimers; 

4) immunoreacting members of the library of CDR- 
mutagenized phage-displayed immunoglobulin het- 
erodimers produced in step (5) on said preselected 
antigen to isolate an immunoglobulin heterodimer hav- 
ing altered immu n oreacti vity ; 

5) isolating said immunoreacted CDR-mutagenized 
phage-displayed immunoglobulin heterodimer 
obtained in step (4); 

6) producing a soluble form of said immunoreacted form 
of immunoreacted CDR-mutagenized phage-displayed 
immunoglobulin hcterodiroer isolated in step (5); and 

7) assaying said soluble form of immunoreacted CDR- 
mutagenized immunoglobulin hetaodimer prepared in 
step (6) to identify a CDR-mutagenized immunoglo- 
bulin heterodimer with altered irnmunoreactivity to the 
preselected antigen. 

18. The method of claim 17 wherein said assaying is 
determined by an increase in affinity to the preselected 
antigen. 
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19. The method of claim 18 wherein the affinity is greater 
than 10*M~ l dissociation constant (Kj). 

20. The method of claim 17 wherein said 3' terminus has 
the nucleotide sequence y-TGGGGCCAAGGGACCACG- 
3' (SEQ ID NO 122). or an oligonucleotide having a 
sequence complementary thereto. 

21. The method of claim 17 wherein said 5' terminus has 
the nucleotide sequence 5 f -OTCTATTATTGTGCG AG A-3 ' 
(SEQ ID NO 123) or an oligonucleotide having a sequence 
complementary thereto. 

22. The method of claim 17 wherein said template immu- 
noglobulin heavy and light chain genes are obtained from a 
human. 
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23. The method of claim 17 wherein said CDR portion is 
CDR3. 

24. The method of claim 17 wherein said formula is 

y-GTCTATTATTGTGCGAC A |NNS J W TCGGGCC AAGGG AC- 
' CACG-3' (SEQ ED NO 124). 

25. The method of claim 17 wherein n is 16in the formula 
|NNS]„ (SEQ ID NO 120). 

26. The method of claim 17 wherein said formula is: 

0 s^rrtjrxrrxiTGTG^ 

. CACG-3' (SEQ ED NO 125). 

***** 
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T cell receptors fTCRs) exhibit genetic and structural diversity 
similar to antibodies, but they have binding affinities that are 
several orders of magnitude lower. It has been suggested that TCRs 
undergo selection in vivo to maintain lower affinities. Here, we 
show that there is not an inherent genetic or structural limitation 
on higher affinity. Higher-affinity TCR variants were generated in 
the absence of in vivo selective pressures by using yeast display 
and selection from a library of Va CDR3 mutants. Selected mutants 
had greater than 100-fold higher affinity (K D ** 9 nM) for the 
peptide/MHC ligand while retaining a high degree of peptide 
specificity. Among the high-affinity TCR mutants, a strong prefer- 
ence was found for CDR3oe that contained Pro or Gly residues. 
Finally, unlike the wild-type TCR, a soluble monomelic form of a 
high-affinity TCR was capable of directly detecting peptide/MHC 
complexes on antigen-presenting cells. These findings prove that 
affinity maturation of TCRs is possible and suggest a strategy for 
engineering TCRs that can be used in targeting specific peptide/ 
MHC complexes for diagnostic and therapeutic purposes. 

T cells recognize a foreign peptide bound to the MHC product 
through the a/3 heterodimeric receptor. The T cell receptor 
TCR) repertoire has extensive diversity created by the same 
ene rearrangement mechanisms used in antibody heavy- and 
light-chain genes (1). Most of the diversity is generated at the 
junctions of V and J (or diversity, D) regions that encode the 
complementarity-determining region three (CDR3) of the a and 
P chains (2). However, TCRs do not undergo somatic point 
mutations as do antibodies, and perhaps not coincidentalry, 
TCRs also do not undergo the same extent of affinity maturation 
as antibodies. TCRs appear to have affinities that range from 10 s 
to 10 7 M" 1 whereas antibodies have affinities that range from 10 s 
to 10 10 M" 1 (3, 4). 

Whereas the absence of somatic mutation in TCRs may be 
associated with lower affinities, it has also been argued that there 
is not a selective advantage for a TCR to have higher affinity 
(5-7). In fact, the serial-triggering (6) and kinetic proofreading 
(7) models of T cell activation both suggest that very slow 
off-rates (associated with higher affinity) would be detrimental 
to the signaling process. On the other hand, the fastest off-rates 
that have been measurable have been associated with altered 
pMHC that exhibits antagonist activity (8-11). Whereas the 
narrow range of natural TCR affinities has provided some 
evidence for the relationships between off-rates and agonist/ 
antagonist activity, there are also examples that appear to be 
inconsistent with these hypotheses (12, 13). 

There are other possible explanations for why the T cell system 
maintains relatively low TCR:pMHC affinities in vivo. Peptides 
bound within the MHC groove display limited accessible surface 
(14), which may in turn limit the amount of free energy that can 
be generated in the interaction. On the other hand, raising the 
affinity of a TCR by directing the free energy toward the MHC 
lelices: would presumably lead to thymic deletion during nega- 
tive selection (15). Even if such higher-affinity TCR could escape 
thymic deletion, they would likely not maintain the peptide 
specificity required for T cell responses. 



It has not been possible to directly test these possibilities 
because the generation of TCRs with affinities above 10 7 M -1 
has not been accomplished. In addition to allowing a kinetic 
basis of T cell triggering, high-affinity TCRs could be used to 
more easily explore the role of peptide in pMHC recognition, 
and as quantitative probes for the expression of pMHC on 
various target cells. Because in vivo selection schemes have not 
yielded TCRs with the intrinsic binding affinities of affinity- 
matured antibodies, in this report, we have used an in vitro 
method for the directed evolution of high-affinity TCRs. The 
method relies on the expression of a library of mutant single- 
chain ( Vj3-linker-Va) TCRs on the surface of yeast, as a fusion 
to the surface protein Aga-2 (16, 17). Our previousTstudies have 
shown that the yeast display system could be used to engineer 
variants of the 2C single-chain TCR (scTCR) that were more 
thermally stable and secreted at higher levels (17, 18). The 
stability mutants were isolated by subjecting the entire TCR gene 
to random mutagenesis and selecting for increased surface levels 
with anti-TCR antibodies (17). The mutations that increased 
stability resided at the Va: interface or on the outside surface 
of V0 in a region not involved in pMHC binding. To isolate TCR 
with higher affinity for pMHC, in the present study, we mutated 
only the CDR3a loop, which is at the center of the pMHC- 
bmding Site (19). Our efforts were guided by previous findings 
that this region contributed minimal binding free energy to the 
interaction of the 2C TCR with the pMHC ligand QL9/L d (20), 
suggesting that productive interactions might be improved by 
focusing on this region. Remarkably, selection from a relatively 
small library (10 5 mutants) yielded many different TCRs with up 
to 100-fold increased affinity for QL9/IA The high-affinity 
TCRs retained a high degree of peptide specificity although 
there was some variation in fine specificity among the mutants. 
These findings suggest that the in vitro evolution process de- 
scribed here can be used to isolate TCRs with specificities that 
one defines by selection with appropriate pMHC ligands. 

The high-affinity receptors in this study were derived by 
variation at the VJ junction, the same process that operates very 
effectively in vivo through gene rearrangements in T cells (2). 
The fact that we could readily isolate a diverse set of high-affinity 
TCR in vitro indicates that there is not a genetic or structural 
limitation to high-affinity receptors. This supports the view that 
inherently low affinities of TCRs found in vivo are caused by a 
lack of selection for higher affinity and perhaps a selection for 
lower affinity (5-7). Finally, the high-affinity TCR were used in 
monomelic form to detect pMHC on the surface of target cells, 
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Fig. 1. Flow cytometric analysis of yeast cells that express wild-type and 
mutant 2C TCR on their surface. Yeast cells displaying wild-type (T7) and 
mutant (m6 and m13) scTCR were stained with anti-V/38 antibody F23.2 
(120nM) f the specific alloantigenic peptide-MHC, QL9/L d /lg (40 nM), or a null 
peptide MCMV/L d /lg (40 nM). The peptides used in this study were QL9 
(QLSPFPFDL), MCMV (YPHFMPTNL), and p2Ca (LSPFPFDL). Binding was de- 
tected by FITC-conjugated goat anti-mouse IgG F(ab'>2 and analyzed by flow 
cytometry. The negative population (e.g., seen with F23.2 staining) has been 
observed for alt yeast-displayed proteins and is thought to be caused by celts 
at a stage of growth or induction that are incapable of expressing surface 
fusion protein (16, 17, 27). 

indicating that soluble forms of the TCR selected with the yeast 
display system can serve as probes for tumor-associated pMHC 
or other T cell-specific ligands. 

Materials and Methods 

library Construction. The 2C single-chain TCR (scTCR) used as 
the scaffold for directed evolution (T7) contained six mutations 
(0G17E, 0G42E, 0L81S, aL43P, aW82R, and aI118N) that 
have been shown to increase the stability of the TCR but still 
allow pMHC binding (E.V.S., KD.W., and D.M.K., unpublished 
results; and ref. 18). Mutagenic PCR of the T7 scTCR VaCDR3 
was performed by using an AGA-2-specific upstream primer and 
a degenerate downstream primer 5'-Ci l i lGTGCCGGATC- 
CAAATGTCAG(SNT%GCTCACAGC^ 
GCCGAGTCGCTC-3'. Underlined bases indicate the positions 
of silent mutations introducing unique BamHl and Eagl restric- 
tion sites. The purified PCR product was digested withM&I and 
BamHl and ligated to MieI-5amHI-digested T7/pCI302 (16- 
18). The ligation mixture was transformed into DH10B electro- 
competent Escherichia coli (GEBCO/BRL), and transformants 
were pooled into 250-ml LB supplemented with ampicillin at 
100 Mg/ml and grown overnight at 3TC. Plasmid DNA was 
transformed into the yeast strain EBY100 by the method of Gietz 
and Schiestl (21). 

Cell Sorting. The yeast library (22) was grown in 2% dextrose/ 
D.67% yeast nitrogen base/1% Casamino acids (Difco) at 30°C 
to an ODeoo = 4.0. To induce surface scTCR expression, yeast 
were pelleted by centrifugation, resuspended to an ODeoo = 1.0 
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Fig. 2. Structure and sequences of the 2C TCR CDR3a. (A) X-ray crystallo- 
graphic structure of the2C/dEV8/K b complex with CDR3a aa highlighted. Five 
residues of the 2C VaCDR3 that were randomized by PCR with a degenerate 
primer are shown in red. The adjacent CDR3 residues, Ser-93 and Leu- 104 
shown in blue, were retained in the yeast display library because they have 
been shown to be important in pMHC binding (1 7, 1 8, 20). (B) Alignment of aa 
sequences of mutant scTCRs isolated by yeast display and selection with 
QL9/L d . Display plasmids were isolated from yeast clones after selection and 
sequenced to determine CDR3a sequences. Mutants ml, m2, m3, m4, m10, 
and ml 1 were isolated after the third round of sorting. All other mutants were 
isolated after the fourth round of sorting. 

in 2% galactose/0.67% yeast nitrogen base/1% Casamino acids, 
and incubated at 20°C for te 24 h. In general, **10 7 cells per tube 
were incubated on ice for 1 h with 50 /il of QL9/L d /IgG dimers 
(23) diluted in PBS (pH 7.4) supplemented with 0.5 mg/ml BSA. 
After incubation, cells were washed and labeled for 30 min with 
FITC-conjugated goat anti-mouse IgG F(ab') 2 (Kirkegaard & 
Perry) in PBS (pH 7.4) supplemented with 0.5 mg/mi BSA. 
Yeast were then washed and resuspended in PBS (pH 7.4) 
supplemented with OS mg/ml BSA immediately before sorting. 
Cells exhibiting the highest fluorescence were isolated by using 
a Coulter 753 bench fluorescence-activated cell sorter. After 
isolation, sorted cells were expanded in 2% dextrose/0.67% 
yeast nitrogen base/1% Casamino acids and induced in 2% 
galactose/0.67% yeast nitrogen base/1% Casamino acids for 
subsequent rounds of selection. A total of four sequential sorts 
were performed. Hie concentrations of QL9/L d /IgG dimers 
used for staining were 50 /xg/ml for sorts one to three and 
0.5 /ig/ml for the final sort The percentages of total cells 
isolated from each sort were 5.55, 2.68, 256, and 038%, 
respectively. Aliquots of sorts three and four were plated on 2% 
dextrose/0.67% yeast nitrogen base/1% Casamino acids to 
isolate individual clones which were analyzed by flow cytometry 
by using a Coulter Epics XL instrument 

Soluble scTCR Production. The T7 and m6 scTCR genes were 
excised from pCT302 Nhel-Xhol and ligated into Nhel-Xhol 
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digested pRSGALT, a yeast expression plasmid (18). Ligations 
were transformed into DH10B electrocompetent E. coli 
(GIBCO/BRL). Plasmid DNA was isolated from bacterial cul- 
tures and transformed into the Saccharomyces cerevisiae strain, 
BJ5464 fa ura3-52 trpl leu2M his3A200 pep4:MS3 prblM.6R 
canl GAL) (18). Yeast clones were grown in 1 liter of 2% 
dextrose/0.67% yeast nitrogen base/1% Casamino acids/20 
mg/liter Trp for 48 h at 30°C. To induce scTCR secretion, cells 
were pelleted by centrifugation at 4,000 x g, resuspended in 1 
liter of 2% galactose/0.67% yeast nitrogen base/1% Casamino 
acids/20 mg/1 Trp supplemented with 1 mg/ml BSA, and 
incubated for 72 h at 20°C. Culture supernatants were harvested 
by centrifugation at 4,000 x g, concentrated to «50 ml, and 
dialyzed against PBS (pH 8.0). The six His-tagged scTCRs were 
purified by native nickel affinity chromatography [Ni-NTA 
Superflow, Qiagen (Chatsworth, CA); 5 mM and 20 mM imi- 
dazole (pH 8.0) wash; 250 mM imidazole elution] (18). 

Cell-Binding Assays. The binding of soluble scTCRs to QL9/L d 
was monitored in a competition format as described (20, 24). 
Pep tide-loaded T2-L d cells (3 X 10 5 per well) were incubated for 
1 h on ice in the presence of 125 I-labeled anti-L d Fabs (30-5-7) 
and various concentrations of scTCRs. Bound and unbound 
[ 125 I] 30-5-7 Fabs were separated by centrifugation through olive 
oil/dibutyl phthalate. Inhibition curves were constructed to 
determine inhibitor concentrations yielding 50% maximal inhi- 
bition. Dissociation constants were calculated by using the 
formula of Cheng and Prusoff (25). To monitor direct binding of 
scTCRs to cell-bound pMHC, peptide-loaded T2-L d cells (5 x 
10 5 per tube) were incubated for 40 min on ice with biotinylated 
soluble scTCRs followed by staining for 30 min with streptavi- 
dm-phycoerythrin (PharMingen). Cellular fluorescence was de- 
tected by flow cytometry. 

Results and Discussion 

To examine if it is possible to generate higher-affinity TCR that 
would retain peptide specificity, we subjected a TCR to a process 



of directed in vitro evolution. Phage display (26) has not yet 
proven successful in the engineering of single-chain TCRs 
(scTCRs, V)3-linker-Vo) despite the extensive structural simi- 
larity between antibody and TCR V regions. However, we 
recently showed that a scTCR could be displayed on the surface*' 
of yeast (17) in a system that has proven successful in antibody 
engineering (16, 27). A temperature-stabilized variant (T7) (18) 
of the scTCR from the cytotoxic T lymphocyte clone 2C was used 
in the present study. Cytotoxic T lymphocyte clone 2C recog- 
nizes the alloantigen L d with a bound octamer peptide called 
p2Ca, derived from the enzyme 2-oxoglutarate dehydrogenase 

(28) . The nonameric variant QL9 is also recognized by cytotoxic 
T lymphocyte 2C, but with 10-fold higher affinity by the 2CTCR 

(29) . Alanine scanning mutagenesis showed that the CDR3a 
loop contributed minimal free energy to the binding interaction 
(20), even though structural studies have shown that CDR3a of 
the 2C TCR is near the peptide and it undergoes a conforma- 
tional change to accommodate the pMHC complex (19). Thus, 
we focused our mutagenesis efforts on five residues that form the 
CDR3a loop. 

A library of 10 5 independent TCR-CDR3a yeast mutants was 
subjected to selection by flow cytometry with a f luorescently 
labeled QL9/L d ligand (23). After four rounds of sorting and 
growth, 15 different yeast colonies were examined for their 
ability to bind the ligand, in comparison to the scTCR variant T7, 
which bears the wild-type CDR3a sequence (Fig. 1 and data not 
shown). The anti-Vj38.2 antibody F23.2 which recognizes resi- 
dues in the CDR1 and CDR2 was used as a control to show that 
wild-type scTCR-T7 and scTCR mutants (m6 and ml3, in Fig. 
1, and others, data not shown) each had approximately equiv- 
alent surface levels of the scTCR (Fig. 1). In contrast, the soluble 
QL9/L d ligand bound very well to each mutant yeast clone but 
not to wild-type scTCR-T7. The MCMV/L d complex, which is 
not recognized by cytotoxic T lymphocyte clone 2C, did not bind 
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Fig. 3. Fine specificity analysis of mutant scTCR binding to different QL9 variant peptides bound to L d . The original T cell done 2C and various yeast dones were 
analyzed by flow cytometry for binding to L d /Uj dimers loaded with wild-type QLS (QL9-5F), position 5 variants of QL9 (QL9-5Y f QL9-SH, and QL9-5E) or MCMV. 
Binding was detected with FfTC-fabeled goat anti-mouse IgG. Relative fluorescence was measured by comparison with mean fluorescence values of 2C cells or 
yeast cells stained with arrti-V08 antibody F23-2. 
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fig. 4. QL9/L d binding by soluble scTCRs. T2-L d cells loaded with QL9 were 
incubated with 12S l-labeled anti-L d Fab fragments (30-5-7) and various 
concentrations of unlabeled Fab (D), scTCR-T7 (■), or mutant scTCR-m6 (•). 
Bound and unbound [ 12S l]30-5-7 Fab fragments were separated by cen- 
trifugation through olive oil/dibutyi phthalate. Binding of '"(-labeled 
anti-L d Fab fragments to T2-L d cells loaded with the control peptide MCMV 
was not inhibited even at the highest concentrations of scTCRs (data not 
shown). 



to the scTCR mutants or wild-type scTCR-T7, indicating that the 
scTCR mutants retained peptide specificity. 

The CDB3a sequences of the 15 mutants all differed from the 
2C TCR (Fig. 2). It was readily apparent (and confirmed by a 
blast alignment algorithm) that the sequences could be aligned 
into two motifs. One motif contained Gly in the middle of the 
five residue stretch whereas the other motif contained three 
tandem Pro. Evidence that all three Pro are important in 
generating the highest affinity site is suggested by results with 
mutant mil. Mutant mil contained only two of the three Pro 
and exhibited reduced binding compared with the triple-Pro 
mutants (data not shown). The Gly-containing mutants ap- 
peared to have preferences for positive-charged residues among 
the two residues to the carboxyl side (7/9) and aromatic and/or 
positive-charged residues among the two residues to the amino 
side (4/9 and 5/9). The selection for a glycine residue at position 
102 in the motif may indicate that the CDR3a loop required 
conformational flexibility around this residue to achieve in- 
creased affinity. This is consistent with the large (6-A) confor- 
mational difference observed between the CDR3a loops of the 
liganded and unliganded 2C TCR (19). It is also interesting that 
Gly is the most common residue at the V(D)J junctions of 
antibodies and the presence of a Gly has recently been associated 
with increased affinity in the response to the (4-hydroxy-3- 
nitrophenyl) acetyl hapten (30). 

In contrast to the isolates that contain Gly, the selection for 
a Pro-rich sequence at the tip of the CDR3a loop may suggest 
that these TCR exhibit a more rigid conformation that confers 
higher affinity. The x-ray crystallographic structures of a germ- 
line antibody of low affinity compared with its affinity-matured 
derivative showed that the high-affinity state was associated with 
stabilization of the antibody in a configuration that accommo- 
dated the hapten (31). Similarly, the NMR solution structure of 
a scTCR that may be analogous to the germ-line antibody 
L showed that the CDR3a and 0 loops both exhibited significant 
mobility (32). Recent thermodynamic studies of TCR:pMHC 
interactions have also suggested the importance of conforma- 
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Fig. 5. Flow cytometric analysis of the binding of scTCR/biotin to cell 
surface peptide/MHC Peptide-loaded T2-L d ceils were incubated with 
biotinylated m6 scTCR (-0.3 M M) or T7 scTCR (-1.6 M M) scTCR followed by 
streptavidin-PE and analyzed by flow cytometry. (4) Flow cytometry his- 
tograms of T2-L d cells loaded with QL9 (unshaded), p2Ca (light shade), or 
MCMV (dark shade) and stained with m6 scTCR/biotin. (fi) Mean fluores- 
cent units (MFU) of T2-L d cells loaded with QL9, p2Ca. or MCMV and stained 
with either secondary SA-PE only, T7 scTCR/biotin + SA-PE, or m6 scTCR/ 
biotin + SA-PE. 



tional changes in binding (33, 34). Structural and thermodynamic 
studies of the TCR mutants that we report here should allow us 
to examine if the two CDR3a motifs (Gly- versus Pro-rich) might 
differ in the mechanism by which they confer higher affinity. 

Although the scTCR mutants did not bind the null peptide/L d 
complex MCMV/L d , 'if remained possible that the increase in 
affinity might be accompanied by a change in fine specificity. To 
examine this issue, we used QL9 position 5 (Phe) peptide 
variants that have been shown previously to exhibit significant 
differences in their binding affinity for the wild-type 2C TCR 
(35). The binding of these pMHC to various TCR mutants on the 
yeast surface and clone 2C were measured by flow cytometry. As 
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shown in Fig. 3, the native TCR on 2C is capable of binding QL9 
variants that contain either Tyr or His at position five but not 
Glu. Each of the higher-affinity TCR mutants retained their 
ability to recognize the conserved Tyr-substituted peptide and 
they were likewise incapable of recognizing the Glu-substituted 
peptide. However, several of the TCR mutants (m6, m9, and 
ml3) bound to the His-substituted peptide (albeit to different 
extents) whereas other mutants (m5, m7, and ml4) did not bind 
the peptide. Thus, the CDR3a loop can influence the peptide 
fine specificity of recognition but it is not the only region of the 
TCR involved. The effect on peptide specificity could be through 
direct interaction of CDR3a residues with the variant peptide, as 
suggested from earlier studies involving CDR3-directed selec- 
tions (36, 37). Alternatively, binding free energy may be directed 
at peptide-induced changes in the L d molecule itself. The latter 
possibility is perhaps more likely in the case of the 2C 
TCR:QL9/L d interaction, because position five of QL9 has been 
predicted to point toward the L d groove (35, 38). The fine- 
specificity analysis also shows that it is possible to engineer TCRs 
with increased, or at least altered, specificity for cognate pep- 
tides. Thus, directed evolution of only a short region (CDR3a) 
of a single TCR allows the design of TCR variants with altered 
peptide-binding specificities. 

To determine the magnitude of the affinity increases associated 
with a selected CDR3a mutant, the wild-type T7 scTCR and the m6 
scTCR were expressed as soluble forms in a yeast secretion system- 
Purified scTCR preparations were compared for their ability to 
block the binding of a 125 I-labeled anti-L d Fab fragments to QL9 or 
MCMV loaded onto L d on the surface of T2-L d cells. As expected, 
neither T7 nor m6 scTCR were capable of inhibiting the binding of 
l25 I-Fab fragments to T2-L d cells up-regulated with the MCMV 
peptide (data not shown). However, both T7 and m6 were capable 
of inhibiting the binding of anti-L d Fab fragments to QL9/L d (Fig. 
4). The m6 scTCR variant was as effective as unlabeled Fab 
fragments in inhibiting binding, whereas the T7 scTCR was 160-fold 
less effective (average of 140-fold difference among four indepen- 
dent titrations). The K D values of the scTCR for QL9/L d were 
calculated from the inhibition curves to be 1.5 /xM for T7 and 9.0 
nM for m6. The value for T7 is in close agreement with the 3.2 /xM 
K D reported for the 2C scTCR (39). These findings show that the 
yeast system, combined with CDR3a-directed mutagenesis, is 
capable of selecting mutants with 100-foid higher intrinsic binding 
affinities for a pMHC ligand 

If the soluble scTCR has a high affinity for its pMHC ligand, 
then it may be useful, like antibodies, as a specific probe for 



cell surface-bound antigen. To test this possibility, the soluble 
T7 and m6 scTCR were biotinylated and the labeled scTCR 
were incubated with T2-L d cells loaded with QL9, p2Ca, or 
MCMV. The m6 scTCR, but not the T7 scTCR, yielded easily 
detectable staining of the T2 cells that had been incubated with 
QL9 or p2Ca (Fig. 5 A and B). It is significant that p2Ca-up- 
regulated cells were also readily detected by m6 scTCR, 
because p2Ca is the naturally processed form of the peptide 
recognized by the alloreactive clone 2C and it has an even 
lower affinity than the QL9/L d complex for the 2C TCR (29). 
However, it remains to be determined if the levels of pMHC 
derived from endogenous antigen processing are sufficient to 
allow detection by using soluble TCR as probes. It is reason- 
able to predict that, in some cases, the level will be too low to 
distinguish from background by using standard flow cytometry 
procedures. 

The high-affinity receptors described in our study were de- 
rived by variation at the VJ junction, the same process that 
operates very effectively in vivo through gene rearrangements in 
T cells (2). The fact that we could readily isolate a diverse set of 
high-affinity TCR in vitro indicates that there is not a genetic or 
structural limitation to high-affinity receptors. This supports the 
view that inherently low affinities of TCRs found in vivo are 
caused by a lack of selection for higher affinity and perhaps a 
selection for lower affinity (5-7). In this respect, the higher- 
affinity TCRs now provide the reagents for directly testing 
hypotheses about the effects of affinity on T cell responses (4-7). 
It is interesting to note that similar arguments have been used to 
suggest that the kinetic properties of antibodies may also set an 
in vivo "affinity ceiling," above which there may not be a selective 
advantage to B cells (40). 

In addition to their utility for testing T cell responses, 
high-affinity TCRs can be engineered like antibodies to yield 
high-affinity, antigen-specific probes. Soluble versions of 
the high-affinity receptor can directly detect specific peptide/ 
MHC complexes on cells (Fig. 5). Thus, these engineered 
proteins have potential, for example, as tumor cell diagnostics, 
or on conjugation with cytotoxins, potential agents for cancer 
therapy. 
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